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MISSION 


The  International  Wire  and  Cable  Symposium  provides  a  forum  for  the  exchange  of  technical  in¬ 
formation  amongst  suppliers,  manufacturers,  and  users  on  technological  advancements  in 
materials,  processes,  and  products  used  for  voice,  data  and  video  signal  transmission  systems. 

—  TECHNICAL  SESSIONS 

a 

Tuesday,  15  November  1988 


9:30  a.m.  SESSION  I  "  Tutorial— Technology,  Regulation  and  the  Consumer 

1:30  p.m.  SESSION  II  Materials  v 

1:30  p.m.  SESSION  III  _  Fiber  Optic  Cable  Design  for  Special  Applications  \, 

1:30  p.m.  SESSION  IV  Fiber  Optic  Aerial  Cable, 


8:30  a.m.  SESSION  V 

8:30  a.m.  SESSION  VI 

8:30  a.m.  SESSION  VII 

2:00  p.m.  SESSION  VIII 

2:00  p.m.  SESSION  IX 

2:00  p.m.  SESSION  X 

3:30  p.m.  SESSION  XI 

5:30  p.m. 


Wednesday,  16  November  1988 

Cable  Networks  i  ■ 

Optical  Cable  Manufacturing,  Installation  &  Testing 
Reliability,  Transmission  Properties  and  Testing  of  Optical  Fibers 
Cable  Networks  II 

Fiber  Optic  Cable  Design  for  Special  Applications  II 
Copper  Cable  Design/Testing.  ' 

Poster  Papers,  J 

Special  Session  for  International  Attendees 


8:30  a.m. 
8:30  a.m. 
8:30  a.m. 
8:30  a.m. 
1:30  p.m. 
1:30  p.m. 
1:30  p.m. 


Thursday,  17  November  1988 

SESSION  XII  Physical  and  Electrical  Stability  of  PIC  Cable  Insulation  Systems 
SESSION  XIII  Fire  Hazard  and  Risk  Assessment  I 
SESSION  XIV  Fiber  Optic  Splicing  , 

SESSION  XV  Fiber  Optic  Military  Applications  » 

SESSION  XVI  Fire  Hazard  and  Risk  Assessment  II 

SESSION  XVII  Fiber  Optic  and  Copper  Connector 

SESSION  XVill  Bending  Losses  of  Optical  Fibers/Fiber  Coatings  , 


PAPERS 

The  papers  in  this  volume  were  printed  directly  from  unedited  reproducible  copies  prepared  by  the 
authors.  Responsibility  for  contents  rests  upon  the  authors  and  not  the  symposium  committee  or  its 
members.  After  the  syposium,  all  the  publication  rights  of  each  paper  are  reserved  by  their  authors,  ana  re¬ 
quests  for  republication  of  a  paper  should  be  addresssd  to  the  appropriate  author.  Abstracting  is  permit¬ 
ted,  and  it  would  be  appreciated  if  the  symposium  is  credited  when  abstracts  or  papers  are  republished. 
Requests  for  individual  copies  of  papers  should  be  addressed  to  the  authors. 
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Bound— Available  at  Fort  Monmouth 

30th  International  Wire  &  Cable  Symposium  Proceedings— 1981—  $8.00 
31st  International  Wire  &  Cable  Symposium  Proceedings— 1982—  $8.00 
32nd  International  Wire  &  Cable  Symposium  Proceedings— 1983—  $8.00 
33rd  International  Wire  &  Cable  Symposium  Proceedings— 1984— $10.00 
34th  International  Wire  &  Cable  Symposium  Proceedings— 1985— $15.00 
35th  International  Wire  &  Cable  Symposium  Proceedings— 198o— $15.00 
36th  International  Wire  &  Cable  Symposium  Proceedings— 1987— $20.00 
37th  International  Wire  &  Cable  Symposium  Proceedings— 1988— $25.00 
'Extra  copies:  1-3  $25.00;  next  4-10  $20.00;  next  11  &  above  $15.00  each 

Make  check  or  bank  draft  payable  in  US  dollars  to  the  INTERNATIONAL  WIRE  &  CABLE  SYMPOSIUM  and 
forward  request  to: 

International  Wire  &  Cable  Symposium 
P.O.  Box  7597 
Shrewsbury,  NJ  07702 

Telephone  inquiries  may  be  directeo  to  Susan  Burgher  at  (201)  544-2770. 

NOTE:  Overseas  air  mail  will  be  an  additional  $25.00  per  copy  for  Europe  and  $30.00  per  copy  for  Asia. 
Photocopies  are  available  for  complete  sets  of  papers  for  1964  thru  1987.  Information  on  prices  and  ship¬ 
ping  charges  should  be  requested  from  the: 

US  Department  of  Commerce 
National  Technical  Information  Service 
Springfield,  Virginia  22151 
USA 

Include  Title,  Year  and  “AD”  Number 

13th  Annual  Wire  &  Cable  Symposium  (1964) 

15th  Annual  Wire  &  Cable  Symposium  (1966) 

16th  International  Wire  &  Cable  Symposium  (1967) 

17th  International  Wire  &  Cable  Symposium  (1968) 

18th  Internationa!  Wire  &  Cable  Symposium  (1969) 

19th  International  Wire  &  Cable  Symposium  Proceedings  1970 
20th  International  Wire  &  Cable  Symposium  Proceedings  1971 
21st  International  Wire  &  Cable  Symposium  Proceedings  1972 
22nd  International  Wire  &  Cable  Symposium  Proceedings  1973 
23rd  International  Wire  &  Cable  Symposium  Proceedings  1974 
24th  International  Wire  &  Cable  Symposium  Proceedings  1975 
25th  International  Wire  &  Cable  Symposium  Proceedings  1976 
26th  International  Wire  &  Cable  Symposium  Proceedings  1977 
27th  International  Wire  &  Cable  Symposium  Proceedings  1978 
28th  International  Wire  &  Cable  Symposium  Proceedings  1979 
29th  International  Wire  &  Cable  Symposium  Proceedings  1980 
30th  International  Wire  &  Cable  Symposium  Proceedings  1981 
31st  International  Wire  &  Cable  Symposium  Proceedings  1982 
32nd  International  Wire  &  Cable  Symposium  Proceedings  1983 
33rd  International  Wire  &  Cable  Symposium  Proceedings  1984 
34th  International  Wire  &  Cable  Symposium  Proceedings  1985 
35th  International  Wire  &  Cable  Symposium  Proceedings  1986 
36th  International  Wire  &  Cable  Symposium  Proceedings  1987 

Kwic  Index  of  Technical  Papers,  International  Wire  &  Cable  Symposium  (1952-1975)  —AD  A027558 


—AD  787164 
— AD  A006601 
— AD  787165 
-AD  787166 
-AD  787167 
—AD  714985 
—AD  733399 
-AD  752908 
—AD  772914 
—AD  A003251 
— AD  A017787 
— AD  A032801 
— AD  A 047609 
— AD  A062322 
— AD  A 381 428 
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— AD  A1 36749 
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The  sponsor,  U.S.  Army  Communi c a t i on-E le c t r oni cs  Command 
(CECOM),  Fort  Monmouth,  New  Jersey  and  the  Symposium  Committee, 
welcomes  each  contributor  and  attendee  to  the  37th  International 
Wire  and  Cable  Symposium  (IWCS).  The  symposium  committee  is 
dedicated  to  improving  and  broadening  the  technology  and  use  of 
wire  and  cable  for  both  military  and  industrial  applications. 
Emphasis  is  always  placed  on  making  the  symposium  a  learning 
environment  where  knowledge  is  freely  exchanged  and  in  many 
instances  generated. 

This  year's  technical  program  is  extremely  exciting, 
beginning  with  a  tutorial  session  on  "Technology,  Regulation  and 
the  Consumer.”  The  program  includes  seventeen  additional 
sessions  on  various  developments  and  uses  of  wire/cable 
components,  including  three  special  sessions  on  specific  cable 
applications  and  testing.  A  poster  session  which  was  received 
with  great  enthusiasm  last  year  should  be  a  winner  again  this 
year.  It  is  the  committee's  desire  each  year,  to  offer  a  program 
that  represents  a  balance  of  the  technical  interest  desired  by 
all  attendees  and  contributors.  The  technical  program  will,  at 
all  times,  be  a  reflection  of  the  current  interest  of  the 
symposium  participants,  which  is  dictated  by  the  response  to  the 
"Ca 1 1-For-Papers . "  In  addition  to  the  technical  presentations, 
many  companies  are  planning  special  product  demonstrations  and 
hospitality  functions. 

Committee  members  Ed  Gurney  of  GTE  Service  Corporation; 

Vieney  Mascarenhas,  Canada  Wire  and  Cable;  Raymond  Jaeger, 
SpecTran  and  Tom  Jones,  Wyrough  and  Loser,  are  retiring  from  the 
committee.  Each  member  was  extremely  dedicated  and  contributed 
significantly  to  the  success  of  the  symposium.  On  behalf  of  the 
sponsor  and  the  committee,  I  extend  to  each,  a  very  special 
thanks  for  their  sincere  dedication,  cooperation  and  support  of 
the  symposium’s  activities. 

The  committee  and  sponsor  offers  their  appreciation  to  all 
members  of  the  wire  and  cable  industry  and  solicit  their 
continued  support  to  ensure  the  future  success  of  the  symposium. 
Any  comments  and  suggestions  for  improving  the  symposium  are 
we  loomed . 

The  1989  symposium  (38th)  will  be  in  Atlanta,  Georgia  at  the 
Hyatt  Regency  Hotel  and  in  1990,  the  symposium  will  return  to  the 
Bally's  Reno  Hotel,  in  Reno,  Nevada. 


£lmer  F.  Godwin 
Director,  IWCS 
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Highlights  of  the  36th 
International  Wire  and  Cable  Symposium 
November  17, 18,  and  19, 1987 
Marriott  Crystal  Gateway  Hotel 
Arlington,  Virginia 


Greetings  bv  Mr.  Eugene  Famolari  Jr.,  Director,  Center  For 
Command.  Control  and  Communications  C3  Systems,  U  S.  Ar¬ 
my,  CECOM,  Fort  Monmouth,  New  Jersey. 


Panel  Members— Tutorial  Session:  (Left  to  right)  Mr.  Gary 
Handler,  Vice  President,  Network  Planning,  Bell  Communica¬ 
tions  Research,  Livingston,  New  Jersey:  Mr.  William  J.  Noll. 
Vice  President,  Network  Technology,  Sel!  Northern  Research, 
Ottawa,  Canada;  Mr.  Clark  Barlow,  Vice  President,  Operations 
Support,  GTE  Service  Corp.,  Stanford,  Connecticut:  and  Mr. 
Michael  L.  Bandler,  Vice  President,  Network  Engineering  and 
Planning,  Pacific  Bell,  San  Ramon,  California. 

Best  Presentations — Two  Winners 


Luncheon  Speaker— Dr.  C.  Kumar  N.  Patel,  AT&T  Laboratories, 
Murray  Hill,  New  Jersey. 


Committee  Member  Dr.  Peter  Bark  (right),  Siecor  Corporation, 
presenting  the  Award  for  Outstanding  Technical  Paper  to  Dr 
Simon  D.  Dadakarides,  Stanford  University,  California. 


Committee  Member  Or.  Peter  Bark  (right),  Siecor  Corporation 
presenting  the  Award  to  Dave  Fischer,  Superior  Cable 
Corporation. 


VI 


Committee  Member  Dr.  Peter  Bark  (right),  Siecor  Corporation 
presenting  the  Award  to  John  C.  Chamberlain,  Siscor 
Corporation. 
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AWARDS 


Outstanding  Technical  Paper 
H.  Lubars  and  J.  A.  Olszewski,  General  Cable  Corp.— 
“Analysis  of  Structural  Return  Loss  in  CATV 
Coaxial  Cable" 

J.  P.  McCann,  R.  Sabia  and  B  Wargotz,  Bell  Labo¬ 
ratories— “Characterization  of  Filler  and  Insulation 
in  Waterproof  Cable” 

D.  E.  Setzer  and  A.  S.  Windeler,  Bell  Laboratories— 
“A  Low  Capacitance  Cable  for  the  T2  Digital  Trans¬ 
mission  Line” 

R.  Lyenger,  R.  McClean  and  T.  McManus,  Bell 
Northern  Research— “An  Advanced  Mi  'ti-Unit  Co¬ 
axial  Cable  forToll  PCM  Systems” 


J.  B.  Howard,  Bell  Laboratories— “Stabilization 
Problems  with  Low  Density  Polyethylene  Insulations" 

Dr.  H.  Margin,  Kabelmetal— “High  Power  Radio  Fre¬ 
quency  Coaxial  Cables,  Their  Design  and  Rating” 

D  Doty,  AMP  Inc.— “Mass  Wire  Insulation  Displacing 
Termination  of  Flat  Cable' 

T.  S.  Choo,  Dow  Chemical  U  S. A.— “Corrosion  Studies 
on  Shielding  Materials  for  Underground  Telephone 
Cables" 

N.  J.  Cogelia,  Bell  Telephone  Laboratories  and  G.  K. 
Lavoie  and  J.  F.  Glahn,  US  Department  of  Interor— 
“Rodent  Biting  Pressure  and  Chemical  Action 
and  Their  Effects  on  Wire  and  Cable  Sheath" 

Thomas  K.  McManus,  Northern  Telecom  Canada  Ltd. 
and  R.  Beveridge,  Saskatchewan  Telecommunications, 
Canada— “A  New  Generation  of  Filled  Core  Cable” 
Fumio  Suzuki,  Shizuyoshi  Sato,  Akinori  Mori  and 
Yoichi  Suzuki;  Sumitomo  Electric  Industries,  Ltd., 
Japan— "Microcoaxial  Cables  Insulated  with  Highly 
Expanded  Polyethylene  By  Chemical  Blowing  Method” 
S.  Masaki,  Y.  Yamazaki  and  T.  Ideguchi,  Nippon 
Telegraph  and  Telephone  Public  Corporation,  Japan— 
“New  Aluminum  Sheath  Cable  Used  for  Electro¬ 
magnetic  Shielding” 

P.  Kish  and  Y.  BeBorgne,  Northern  Telecom  Canada 
Limited,  Montreal,  Canada— "General  Crosstalk 
Model  For  Paired  Communication  Cables" 

C.  J.  Arroyo,  N  J.  Cogelia,  Bell  Laboratories,  and  B.  J. 
Darsey,  Western  Electric— “Thermal  Behavior  of 
Experimental  Plenum  Cable  Sheaths  Determined  in  a  Ra¬ 
diant  Heat  Chamber” 

R.  H.  Whiteley,  Raychem  Ltd.— “A  Comprehensive 
Small  Scale  Smoke  Test" 

V.  A.  Fentress,  Raychem  Corp.  and  D.  V.  Nelson,  Stan¬ 
ford  University— “Fracture  Mechanics  Evaluation  of 
the  Static  Fatigue  Life  of  Optical  Fibers  in  Bending" 
M.  Fujise  and  Y.  Iwamoto,  KDD  Research  & 
Development  Laboratories,  1-23  Nakameguro,  2-Chome, 
Meguro-Ku,  Tokyo,  Japan— "Self-Core-Alignment  Arc- 
Fusion  Splicer  Based  on  a  Simple  Local  Monitoring 
Method” 


Best  Presentation 

1968  N.  Dean,  B.'.C.C.—  “The  Development  of  Fully  Filled 
Cables  for  Distribution  Network” 

1969  J.  D.  Kirk,  Alberta  Government  Telephones — 

“Progress  and  Pitfalls  of  Rural  Buried  Cable” 

1970  Dr.  O.  Leuchs,  Kable  and  Metalwerke— “A  New  Self- 
Extinguishing  Hydrogen  Chloride  Binding  PVC 
Jacketing  Compound  for  Cables' 

1971  S  Nordblad,  Telefonaktiebolaget  L.  M.  Ericsson— 

“Multi-Paired  Cable  of  Nonlayer  Design  for  Low 
Capacitance  Unbalance  Telecommunications  Network 
N.  Kojima,  Nippon  Telegraph  and  Telephone— “New 
Type  Paired  Cable  for  High  Speed  PCM  Transmission” 

1972  S.  Kaufman,  Bell  Laboratories— “Reclamation  of 

Water-Logged  Buried  PIC  Telephone  Cable” 

1973  R.  J  Oakley,  Northern  Electric  Co.,  Ltd.— "A  Study 

Into  Paired  Cable  Crosstalk” 

1974  G.  H.  Webster,  Bell  Laboratories— “Material  Savings 
by  Design  in  Exchange  and  Trunk  Telephone  Cable” 

1975  J.  E.  Wimsey,  United  States  Air  Force— “The  Bare 
Base  Electrical  Systems" 

1976  Michael  DeLucia,  Naval  Ship  Research  and  Devel¬ 
opment— "Highly  Fire-Retardant  Navy  Shipboard 
Cable" 

1977  William  L.  Schmacher,  AMP  Inc.— “Design  Considera¬ 
tions  for  Single  Fiber  Connector" 

1978  Richard  C.  Mondello,  Bell  Labs.  — "Design  and 
Manufacture  of  an  Experimental  Lightguide  Cable 
For  Undersea  Transmission  Systems" 

1979  I.  Wadehra,  IBM  Corporation— “Performance  of  Poly¬ 
vinyl  Chloride  Communication  Cables  in  Modified 
Steiner  Tunnel  Test" 

1980  J.  J.  Refi,  Bell  Laboratories— "Mean  Power  Sum  Far- 
End  Crosstalk  of  PIC  Cables  as  a  Furction  of  t  'erage 
Twist  Helix  Angle" 

1981  G.  S.  Anderson,  Belden  Corporation— “Installation 
of  Fiber  Optic  Cable  on  457  Meter  Tower" 

1982  A.  Yoshizawa,  The  Furukawa  Electric  Co.,  Ltd.— 
"Structure  and  Characteristics  of  Cables  for  Robots” 

1983  J.  R.  Bury,  Standard  Telecommunication  Laboratories. 
Ltd.,  Hailow,  England  — "Development  of  Flame 
Retardant,  Low  Aggressivity  Cables” 

1984  William  E.  Dennis,  Dow  Corning  Corporation,  Midland, 
Michigan— "Hydrogen  Evolving  Tendencies  of  Cable 
Fillers  and  Optical  Fiber  Coatings" 


1985  Stephen  Hornung,  British  Telecom  Research 
Laboratories  — "Manufacture  and  Performance  of 
Fibre  Units  for  Installation  by  The  Viscous  Drag  of  Air” 

1986  Dave  Fischer,  Superior  Cable  Corp  — “Progress 
Towards  the  Development  of  Lightning  Test  forTelecorr- 
munication  Cables" 

John  C.  Chamberlain.  Siecor  Corp.  — "Zero  Halogen  Fire 
Retardant  Fiber  Optic  Shipboard  Cable” 

1987 

Outstanding  Technical  Paper  Outstanding  Poster  Paper  Best  Presentation 

Stephen  B.  Pierce— Contel  William  Wood  — Beil  Communication  Richard  Rossi— General  Cable  Corn- 

Laboratories— "Digital  Transmission  on  Research  "Performance  Analysis  of  Op-  pany  “Cabin  Sheathing  Design  and  Per- 

Customer  Premises  Wiring"  tic  Fiber  Cleavers”  formance  Criteria" 


James  A.  Krabec  and  John  W.  Kincaid,  Jr.,  Belden 
Technical  Research  Center— "Advances  in  the 
Optimization  of  Multi-Layer  Shield  Design” 

Simon  D.  Dadakarides  and  Bruce  B.  Lusignam, 
Stanford  University— “Magnetically  Loaded  Cables" 


CONTRIBUTORS 


ACOME 

Paris  &  Mortain,  France 
AEG  Kabel  Aktiengesellschaft 
Monchengladbache,  West  Germany 
A.F.A.  Industries 
Garfield,  NJ 

Alambres  Y  Cables  Venezolanos  C.A.  “ALCAVE” 

Caracas,  Venezuela 

Alberta  Government  Telephones 

Edmonton,  Alberta,  Canada 

Alcatel  NA,  Inc. 

Claremont,  NC 
Alcatel  NA,  Inc. 

Roanoke,  VA 
Allied  Corp. 

Morristown,  NJ 
Allied  Signal  Inc. 

Morristown,  NJ 
Alpha  Wire  Corp. 

Elizabeth,  NJ 

Amoco  Chemical  Company 
Naperville,  IL 
AMP  Incorporated 
Harrisburg,  PA 
Arvey  Corporation 
Cedar  Grove,  NJ 
AT&T  Network  Systems 
Phoenix,  AZ 

AT&T  Technologies,  Inc. 

Phoenix,  AZ 

Austral  Standard  Cables  Pty  Limited 

Clayton,  Victoria,  Australia 

BASF  Chemicals  Corp. 

Parsippany,  NJ 

BASF  Corporation— Chemicals  Division 

Parsippany,  NJ 

Belden  Technical  Research  Center 

Geneva,  IL 
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The  Effect  of  Alternating  Current  on  Corrosion  of 
Cable  Shielding  Materials  in  Soils— R.  Baboian 
and  G.  Haynes,  Texas  Instruments  Inc.,  At¬ 
tleboro,  MA,  G.  Hessler,  REA-Outside  Plant 
Branch,  Washington,  DC,  K.  Bow,  Dow  Chemical 
USA,  Granville,  OH .  383 


WEDI  SDAY  AFTERNOON — 3:30  PM-5:30  PM 
Grand  Ballroom 

SESSION  XI:  POSTER  PAPERS 

Chairperson:  Mr.  Vieney  Mascarenhas,  Canada  Wire  & 
Cable  Ltd. 


Optimization  of  Return  Loss  and  Insertion  Loss 
Performance  of  Single-Mode  Fiber  Mechanical 
Splices—  W.  C.  Young,  V.  S.  Shah,  and  L.  Curtis, 

Bellcore,  Red  Bank,  NJ .  395 

Loss  at  Dissimilar  Fiber  Splices— ft.  Raman, 

Contel  Laboratories,  Norcross,  GA .  402 

Evaluation  of  Fiber  End  Face  Tilts  During 
Automatic  Fusion  Splicing  of  Single-Mode 
Fibers—  T.  Eder,  W.  Lieber,  Siemens  AG, 
Munich,  West  Germany,  and  M.  Heier,  RXS 

GmbH,  Hagen,  West  Germany .  407 

Automated  Field  Spectral  Attenuation  Measure¬ 
ment  Unit  for  Single  Mode  and  Multimode  Op¬ 
tical  Fibers— A.  Garg,  Siecor  Corp.,  Hickory,  NC.  412 
Metal-Free  Single-Mode  Optical  Fiber  Cable  with 
High  Mechanical  Properties— C.  G.  Cortines,  C. 

Blanco,  S.  Camara,  Alcatel  Standard  Electrica, 

S.A.,  Maliano,  Cantabria,  Spain .  416 


Continuous  Molding  Equipment  for  Self- 
Supporting  Pre-Hanger  Type  Optical  Fiber  Cable 
with  Catenary—  T.  Koseki,  S.  Yamaki,  F. 
Onodera,  Kitanihon  Electric  Cable  Co.,  Ltd.,  Sen¬ 


dai,  Japan .  423 

An  Optical  Fibre  Cable  with  Heat  Expandable 
Tape  as  a  Cushioning— A.  Larsson,  K.  Nygard- 
Skalman,  T.  Norlund,  N.  Grip,  Ericsson  Cables, 

Hudiksvall,  Sweden .  430 

Blasting  Near  FiberOptic  Cable— M.  A.  Setman, 

M.  J.  Brandtner,  Siecor  Corp.,  Hickory,  NC .  437 


A  Method  for  Evaluating  Oxidative  Stability  and 
Performance  of  Polyolefin  Insulations  for  Filled 
Telephone  Cables— H.  S.  Aitken  and  V.  B. 
Mascarenhas,  Canada  Wire  and  Cable  Ltd., 

Toronto.  Canada .  442 

Investigation  on  the  Rheological  Charac¬ 
teristics  of  Filling  Compounds  for  Optical  Fibre 
Cables— ft.  W.  Come,  J.  Broad,  Dussek  Camp¬ 
bell  Ltd.,  Kent,  England .  449 

An  Oil  Separation  Test  to  Predict  Elevated- 
Temperature  Drip  Performance  of  Optical  Cable 
BufferTube  Filling  Compounds— M.  C.  Light,  Jr., 

Siecor  Corp.,  Hickory,  NC .  459 


XVII 


Development  of  a  Watertight  Buried  Closure 
System—  J.  A.  Loken,  D.  H.  Proffer,  M.  J.  Stanek, 

Sigmaform  Corp.,  Santa  Clara,  CA .  465 

Zippering  Failures  in  Telecommunications  Cable 
Jackets— O.  S.  Gebizlioglu,  P.  B.  Grimado,  C.  T. 

Avant  and  E.  J.  Biron,  Bellcore,  NJ .  467 


THURSDAY  MORNING-8:30  AM-12:00  Noon 
Adelphi  Room 

SESSION  XII:  PHYSICAL  AND  ELECTRICAL  STABILI¬ 
TY  OF  PIC  CABLE  INSULATION 
SYSTEMS 

Chairperson:  Mr.  Vieney  Mascarenhas,  Canada  Wire  & 
Cable  Ltd. 

Moderator:  Dr.  James  Tyler,  Essex  Group  Inc. 

Cracking  of  Foam-Skin  Polyethylene  Insulations 
in  Pedestals— T.  N.  Bowmer,  Bellcore,  Red  Bank, 

NJ .  475 

Improved  Life  Expectancy  Testing  for  PIC  Cable 
Insulation— L  E.  Davis,  Superior  Cable  Corp., 

Atlanta,  GA .  484 

Stability  of  Polyethylene  Insulations  in  the  Field 
and  Laboratory— T.  N.  Bowmer,  E.  P.  Hjorth,  R.  J. 

Miner  and  O.  S.  Gebizlioglu,  Bellcore,  NJ .  490 

The  Effect  of  Filling  Compound  on  the 
Capacitance  of  Foam-Skin  Insulation: 
Laboratory  Simulation  vs.  Cable  Perfomv 
ance— D.  M.  Mitchell,  AT&T  Technologies,  Inc., 

Phoenix,  AZ .  500 

In-Service  Capacitance  Stability  Prediction  of 
Filled  Cables  Based  on  70°C  Laboratory  Ag¬ 
ing— J.  A.  Olszewski  and  J.  J.  Woods,  General 
Cable  Co.,  Woodbridge,  NJ .  504 


Capital  Room 

SESSION  XIII.  FIRE  HAZARD  AND  RISK  ASSESSMENT 
I 

Chairperson:  Dr.  C.  Ronald  Simpkin,  E.l.  DuPont  de 
Nemours  &  Co. 

Moderator:  Dr.  Frederic  B.  Clarke,  Benjamin  Clarke 
Associates,  Inc. 


The  Distinction  Between  Fire  Hazard  and  Fire 
Risk:  The  Importance  of  Such  Assessments  to 
Public  Safety— J.  R.  Hall,  Jr.,  National  Fire  Pro¬ 
tection  Association .  513 

Fire  Modeling:  A  Key  Element  to  Hazard  and  Risk 
Assessment—  W.  D.  Walton,  Center  for  Fire 
Research,  National  Institute  of  Standards  and 

Technology,  Gaithersburg,  MD .  517 

A  Real  Case  of  Fire-Hazard  Assessment:  The 
NFPA  and  ENMT  Conduit—/,  A.  Benjamin.  F.  B. 

Clarke,  P.  DiNenno,  S.  Steel  and  H.  van  Kuijk, 
Benjamin/Clarke  Associates,  Inc.,  Kensington, 

MD .  523 

Wire  and  Cable  Fire  Performance  as  Determined 
by  a  Cone  Calorimeter— A.  F.  Breazeale,  E.l.  Du 
Pont  de  Nemours  &  Co.,  Inc.,  Wilmington,  DE . .  .  536 

The  MIBS  SMOTOX  WG  Program-H.  J.  Roux, 
Armstrong  World  Industries,  Inc.,  Lancaster,  PA .  543 


Bijou  Room 

SESSION  XIV:  FIBER  OPTIC  SPLICING 


Chairperson:  Mr.  Edward  A.  Gurney,  GTE  Service  Corp. 


Development  of  a  Field-Usable,  High-Strength 
Splicing  Technique  for  1.55  ^m  Dispersion 
Shifted  Fibers— K.  Osaka,  T.  Yanagi,  Y.  Asano, 
Sumitomo  Electric  Industries,  Ltd.,  Kanagawa 

Pref.,  Jap-im . 

Mechanical  Optical  F«ber  Splice  Containing  an 
Articulated  Cor.tormable  Metallic  Element— R. 

A.  Patterson,  3M  Company,  Austin,  TX . 

Undersea  Single  Mode  Fiber  Optic  Rotary 
Mechancial  Splice— R.  R.  Cammons,  G.  F. 
DeVeau,  AT&T  Bell  Laboratories,  Norcross,  GA, 
and  G.  A.  Decker,  AT&T  Bell  Laboratories, 

Holmdel,  NJ . 

Fusion  Splices  with  Low  Loss  Between  SM- 
Fibers  of  Different  Types—  W.  Stieb  and  J. 
Schulte,  Kabelmetal  Electro  GmbH,  Hannover, 
West  Germany  and  A.  M.  Oehler,  T.  M.  Hauff  and 
W.  E.  Heinlein,  University  of  Kaiserslautern, 

Kaiserslautern,  West  Germany . 

Single-Mode  Multifiber  Technique  for  High- 
Density  High-Count  Subscriber  Cables— T. 
Haibara,  S.  Nagasawa,  M.  Matsumoto  and  M. 
Kawase,  NTT  Network  Systems  Development 

Center,  Ibaraki,  Japan . 

Field  Measurements  of  Return  Loss  for  Ferrule- 
Based  Mechanical  Splices— A.  F.  Judy,  J.  A. 
Aberson,  G.  F.  DeVeau,  AT&T  Bell  Laboratories, 
Norcross,  GA . 


546 

554 


562 


569 


576 


586 


Grand  Ballroom 

SESSION  XV:  FIBER  OPTIC  MILITARY  APPLICATIONS 

Chairperson:  Mr.  Michael  A.  DeLucia,  David  Taylor 
Research  Center 

Moderator:  Mr.  Vasilios  E.  Kalomiris,  US  Army 
Communications-Electronics  Command 

Reduced  Mode-Field  Diameter  Single-Mode 
Fiber  for  Specialty  Applications— T.  C.  Starkey, 

J.  W.  Suggs,  Corning  Glass  Works,  Corning,  NY.  591 
Optimizing  Polymer  Coatings  for  Fiber  Optic 
Acoustic  Sensors— N.  Lagakos  and  J  A.  Bucaro, 

Naval  Research  Laboratory,  Washington,  DC. . .  593 

A  Fiber  Optic  Cable  for  Military  Installations— J. 

D.  Fridman,  The  MITRE  Corporation,  Bedford, 

MA,  A.  Goffin,  MOD  Belgium,  Brussels,  Belgium  598 
Single  Mode  Bend  Insensitive  Optical  Fiber— D. 
Biswas,  K.  Karbassiyoon  and  L.  Hodges,  Alcatel 

Cable  Systems,  Inc,,  Roanoke,  VA .  603 

Single-Fiber  Tactical  Cables  for  Single-Mode  and 
Multimode  Systems— K.  Kathiresan,  L.  C. 
Hotchkiss  and  S.  P.  Gentry,  AT&T  Bell 
Laboratories,  Norcross,  GA,  J.  B.  Fluevog,  AT&T 
Network  Systems,  Norcross,  GA,  and  V.  E. 
Kalomiris,  U.S.  Army  CECOM,  Ft.  Monmouth.  NJ  608 
Optical  Fiber  Modules  for  Military  and  Space  Ap¬ 
plications—  M.  Hartmann,  R.  Landgraff,  B.  Philip- 


son,  PCO,  Inc .  618 

Telecommunications  on  Tap — T.  R.  Smith  and  J. 
McDermott,  STC  Cable  Systems  Division, 
Newport,  Gwent,  United  Kingdom .  623 


xviii 


THURSDAY  AFTERNOON— 1:30  PM-4:30  PM 
Capital  Rooms 

SESSION  XVI:  FIRE  HAZARD  AND  RISK  ASSESSMENT 
II 

Chairperson:  Dr.  C.  Ronald  Simpkins,  E.I.  DuPon‘.  de 
Nemours  &  Co. 

Classification  of  Electrical  Cables  Based  on  Ver¬ 
tical  Fire  Propagation— M.  M.  Khan  and  A. 
Tewarson,  Factory  Mutual  Research  Corp,,  Nor¬ 
wood,  MA .  629 

Using  Combustion  Toxicity  Data  in  Cable  Selec¬ 
tion— S.  Kaufman,  J.  J  Refi,  AT&T  Bell 
Laboratories,  Norcross,  GA,  and  R.  C.  Anderson, 

Anderson  Laboratories,  Dedham,  MA .  636 

Combustion  Toxicity  Evaluations  of  Polymers 
for  Electrical  and  Building  Applications— H.  R. 
Brafvold,  Vf.  J.  Christian,  S.  P.  Woynerowski, 
Underwriters  Laboratories  Inc.,  Northbrook,  IL. .  644 

Registration  Categories  for  Wire  and  Cable  Pro¬ 
ducts:  Toxicity  Study  of  the  National  Electrical 
Manufacturers  Association— R.  C.  Anderson, 

Anderson  Laboratories,  Inc.,  Dedham,  MA .  648 

AXE  Exchange  Cable  Fire  Performance 
Testing— L.  Colla,  D.  J.  Adams,  Telecom 
Australia,  Melbourne,  Australia  and  S.  Grubits, 
National  Building  Technology  Centre,  Sydney, 
Australia .  656 


Adelphi  Room 

SESSION  XVII:  FIBER  OPTIC  AND  COPPER 
CONNECTOR 

Chairperson:  Mr.  Irv  Kolodny,  Consultant 

New  Plastic  Single  Mode  Fiber  Connector  for 
Subscriber  Networks—  W.  Eutin,  U.  Grzesik,  E. 
Schurmann,  Philips  Kommunikations  Industrie 

AG,  Kdln,  Federal  Republic  of  Germany .  665 

Optical-Fiber  Fanout  Connector  Using  Push-Pull 
Multi-Fiber  Connector—  T.  Komiya,  T.  Kakii,  S. 

Suzuki,  Y.  Iwamoto,  Sumitomo  Electric  In¬ 
dustries  Ltd.,  Yokohama,  Japan .  670 

Performance  Characteristics  of  Plain  Copper 
Versus  Tinned  Copper  for  Solderless  Wrapped 
Connections— D.  Dunleavy,  Bell  Canada,  Mon¬ 
treal,  Canada .  679 


Pre-Connectorized  OPGW  with  Multiconnec¬ 
tor—  M.  Kaiju,  Chubu  Telcommunications  Co., 

Inc.,  Nagoya,  Japan;  K.  Sugimoto,  Chubu  Elec¬ 
tric  Power  Co.,  Inc.,  Nagoya,  Japan;  M. 
Muramathu,  Nippon  Idou  Tsushin  Corp.,  Nagoya, 

Japan;  and  H.  Hosoya,  S.  Togo,  H.  Yokosuka,  Fu- 

jikura  Ltd.,  Tokyo,  Japan .  685 

Cable  Transfer  System  Without  Disturbing  In¬ 
tegrity  of  Information  on  Pair— H.  Kubozono,  Y. 
Tsuchiya,  NTT  Tsukuba  Fieid  Engineering 
Development  Center,  Ibaraki-ken,  Japan;  M. 

Hirata,  T.  Shimomura,  NTT  Network  Systems 


Development  Center,  Tokyo,  Japan .  692 

Single-Fiber  Optical  Connector  for  Tactical  Ap¬ 
plications—  B.  V.  Darden  and  8.  G.  LeFevre, 

AT&T  Bell  Laboraories,  Norcross,  GA;  and  V.  E. 
Kalomiris ,  US  Army  CECOM,  Ft.  Monmouth,  NJ .  698 


Biiou  Rooms 

SESSION  XVIII:  BENDING  LOSSES  OF  OPTICAL 
FIBERS/FIBER  COATINGS 

Chairperson:  Dr.  Raymond  E.  Jaeger,  Spectran  Corp. 

Macrobend  Loss  of  1300nm  Optimized  Single 
Mode  Fibre  at  1550nm— S.  Chung,  Olex  Cables, 
a  Division  of  Pacific  Dunlop  Ltd.,  Melbourne,  Vic¬ 
toria,  Australia .  704 

Method  for  Single  Mode  Fibre  Bending  Studies 
in  Short  Fibres  or  Cables— T.  Volotinen  and  L. 
Stensland,  Ericsson  Cables,  Hudiksvall,  Sweden  710 

Microbending  Effects  in  Single  Mode  Optical 
Cables— G.  Grasso,  F.  Meli,  E.  Usai,  Societa’ 

Cavi  Pirelli,  Milano,  Italy;  F.  Esposto,  SIP  D.G., 

Roma,  Italy .  722 

Effect  of  Coating  on  Mechanical  Properties  of 
Optical  Fibers— H.  H.  Yu ce  and  A.  D.  Masse, 
Bellcore,  Morristown,  NJ;  P.  L.  Key  and  M.  J.  An- 

drejco,  Bellcore,  Red  Bank,  NJ .  732 

Heat  Resistance  Property  of  UV  Coat  Fiber  for 


OPGW— PJ.  Ohta,  N.  Nirasawa,  S.  Okuyama, 
Sumitomo  Electric  Industries,  Ltd.,  Yokohama, 

Japan;  and  P.  A.  Hall,  I.  Matsubara,  Alcan- 

Sumitomo  Electric,  Inc.,  Atlanta,  GA .  738 

A  New  Heat  Resistant  Optical  Fiber  with  Special 
Coating— S.  Araki,  T.  Shimomichi,  and  H.  Suzuki, 
Fujikura  Ltd.,  Chiba,  Japan .  745 


TUTORIAL  PANEL 


James  J.  Pickering  (Chairman) 

Union  Carbide  Corporation 
Somerset,  New  Jersey 

Mr.  Pickering  joined  the  Research 
and  Development  Department  of  Union 
Carbide  in  Bound  Brook,  N.J.  in  1962. 
Following  his  R&D  experience,  Mr. 
Pickering  was  assigned  to  sales  in 
the  Chicago  area  in  1972  where  he 
called  on  major  wire  anc  cable 
accounts  in  the  midwest  as  an 
account  representative. 

In  1982  he  was  promoted  to  the 
position  of  Product  Sales  Manager  for 
*-hr>  Cable  Market  Area 

where  he  returned  to  Union  Carbide  in 
Bound  Brook,  N.J.  He  is  presently 
Manager  of  Wire  and  Cable  Product 
Applications  interfacing  with  various 
end-users  and  specifying  agencies. 

Mr.  Pickering  is  a  member  of  the 
Society  of  Plastics  Engineers,  the 
Institute  of  Electronics  and 
Electrical  Engineers,  The  National 
Fire  Protection  Association,  ASTM , 

New  York  Rubber  Group,  and  the  Wire 
Association.. 


Terry  D.  Appen teller 

Araeritech  Services  Corporation 
Chicago,  Illinois 

Mr.  Appenzeller  joined  Ameritech 
Services  in  August  1985  as  Senior 
Director  -  Equal  Access  and 
Interexchange  Carriers  Account 
Management.  He  moved  his  wife  and 
three  daughters  (Age  16,  13,  11)  from 

the  Washington,  D.C.  area  to 
Barington  Hills,  Illinois  in  October 
1985.  Terry  joined  Araeritech 
following  two  years  with  Satellite 
Business  Systems  (SBS),  and  fifteen 
years  with  Pacific  Bell. 

At  SBS,  Terrry  was  the  Dltector 
of  Carrier  Relations,  with 
responsibility  for  their  policy  and 
planning  interface  with  all  Bell 
Operating  Companies,  Independents, 
AT&T,  and  other  carriers.  He  was 
also  responsible  for  SBS  access 
charge  expenditures  and  revenue 
expansion  plans. 

Prior  to  SBS,  Terry  was  a 
Division  Manager  responsible  for 
Carrier  Relations  at  Pacific  Bell. 

He  was  the  primary  policy  and 
planning  interface  for  IC's  prior  to 
divestiture.  He  held  various 
management  positions  prior  to  this 
assignment  -  Network  Special 
Services,  Marketing,  Business 
Offices,  Installation  6  Maintenance, 
and  Corporate  Finance. 

Terry  is  a  nation el  leader  in  the 
IC  Industry  from  both  an 
interexchange  and  exchange  carrier 
perspective.  He  has  played  an  active 
role  in  tall  national  carrier  forums. 

Terry  graduated  in  1969  from  the 
University  of  Redlands  in  Southern 
California.  He  and  his  family  have 
spent  all  of  their  lives  in 
California,  with  the  exception  of  the 
last  five  years. 

Terry  is  currently  holding  the 
position  of  Senior  Director  -  ONA 
Implementations  and  is  repsonsible 
for  representing  Ameritech  in 
Information  Industry  Liaison 
Committee  (IILC)  forums  and  before 
federal  and  state  agencies  and 
industry  groups.  Also,  he  is  the 
primary  open  network  architecture 
liaison  with  the  Ameritech  Bell 
Companies  . 
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Brian  R.  Moir 

Partner  -  Fisher,  Wayland,  Cooper 
&  Leader 

Washington,  D.C. 


Mr.  Moir  received  his  Juris 
Doctorate  from  the  University  of 
Denver  College  of  Law  where  he 
received  the  International  Legal 
Studies  Award  and  was  a  member  of  tie 
Denver  Journal  of  International  Law 
and  Policy. 

Prior  to  telecommunications  law 
practice,  Mr.  Moir  served  for  six 
years  as  Senior  Legal  Counsel  to  the 
Committee  on  Energy  and  Commerce  of 
the  U.  S.  House  of  Representatives 
where  he  was  responsible  for  the 
telecommunications,  foreign  commerce, 
and  trade  jurisdiction  of  the 
Committee  and  was  the  Committee 
parliamentarian.  Previously,  he 
served  as  a  staff  attorney  at  the 
Federal  Coramun i ca t i ons  Commission, 
and  as  Assistant  Corporate  Counsel 
for  Tele-Communications,  Inc.,  the 
nation's  largest  owner  of  cable 
television  systems  and  a 
miscellaneous  microwave  common 
carrier,  in  Dever,  Colorado. 

During  Mr.  Moir's  more  than 
fifteen  years  in  the  private  and 
governmental  sectors,  he  has  gained 
experience  in  telecommunications  and 
information  law,  and  related 
government  relations  and  trade 
matters.  He  has  served  as  a  member 
of  numerous  U.S.  delegations  on 
international  telecommunications 
issues,  has  appeared  as  an  expert 
witness  before  various  Committees  of 
the  U.S.  Congress,  has  written 
numerous  articles  on 

telecommunications  issues,  and  has 
lectured  extensively. 


Frederic  S.  Topor 
AT&T 

Morristown,  New  Jersey 


Mr.  Topor  was  named  vice 
president  ,  raanufacturing-Network 
Systems  Media  Division  in  May  1987. 

He  is  responsible  for  the 
manufacturing  activities  at  the 
Atlanta,  Omaha  and  Phoenix  Works  and 
AT&T  Nassau  Metals  Corporation.  His 
office  is  located  at  475  South 
Street,  Morristown,  New  Jersey. 

Mr.  Topor's  diverse  AT&T  career 
began  with  Western  Electric  Co.  in 
1959,  when  he  joined  the  Merrimack 
Valley  Works  as  an  engineer. 

He  served  in  a  variety  of 
managerial  capacities  in  engineering 
and  manufacturing  at  Merrimack  Valley 
and  North  Carolina  Works,  Western 
Electric  Headquarters  in  New  York 
City,  and  in  Newark,  New  Jersey. 

In  1970,  Mr.  Topor  was  selected 
to  participate  in  the  Management 
Training  Program  in  Princeton,  New 
Jersey,  and  upon  completion  served  as 
an  engineering  manager  in  Orlando, 
Florida. 

Other  positions  Mr.  Topor  held  in 
western  Electric  include  installation 
manager  and  manager-installation 
planning  and  development  in  the 
Central  Region,  director  of  division 
staff  for  Bell  Sales  Division-East, 
director  of  operations  in  the  Eastern 
region  and  regional  vice  president 
for  the  Northeastern  Region. 

Mr.  Topor  earned  a  bachelor's 
degree  in  Electrical  Engineering  from 
the  University  of  Massachusetts  In 
1959,  and  a  master's  degree  in 
electrical  Engineering  from 
Northeastern  University  in  1985.  He 
is  a  past  director  of  Renaissance 
Newark,  Inc.  and  a  former  vice 
chairman  of  the  Greater  Newark 
Chamber  of  Commerce. 

Mr.  Topor  and  his  wife  make  their 
home  in  Morristown,  New  Jersey.  They 
have  three  children. 
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Barry  Grossman 
U.S.  Department  of  Justice 
Washington,  D.C. 


Leland  W.  Schmidt 
GTE  Service  Corporation 
a  Subsidiary  of  GTE  Corporation 
Stamford,  Connecticut 


Professional  Experience : 

1.  Chief  of  the  Communications 
and  Finance  Section,  Antitrust 
Division,  United  States  Department  of 
Justice  (1984-Present) 

2.  Chief  of  the  Appellate 
Section,  Antitrust  Division,  United 
States  Department  of  Justice 

( 1975-1984) 

3.  Chief  of  the  Evaluation 
Section,  Antitrust  Division,  United 
States  Department  of  Justice 
(1971-1975),  Assistant  Chief 
(1969-1971),  Attorney  (1967-1969) 

4.  Private  Practice:  Associate, 

Wllmer,  Cutler  &  Pickering, 
Washington,  D.C.  (1964-1967) 

Educational  Background: 

1.  A . B .  1960,  Georgetown 

University,  Distinctions:  Graduated 
first  in  class. 
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GELS  AND  THEIR  SEALING  APPLICATIONS  IN  THE  OUTSIDE  PLANT 


K.  Dawes  C.  Debbaut  A.  P.  P.  Sutherland 


Raychem  Corp. 

Fuquay-Var  i  na  ,  N.C. 

ABSTRACT 

Gels  are  relatively  soft,  pliable  materials 
that  readily  conform  to  a  range  of  substances. 
Under  compression  they  generate  a  good  seal,  and 
do  not  loose  the  seal  under  temperature 
excu  r  s i ons . 

The  dynamic  material  analysis  (D.M.A.) 
combined  with  other  physical  measurements  pro¬ 
duces  a  "charac ter i za t ion"  window  which  defines 
gel  properties  required  for  functionality.  Gel 
and  non-gel  materials  are  compared.  Several 
applications  are  discussed  which  emphasize  the 
good  sealing  cha rac te r  i  s t  i  cs  of  qels,  compared 
to  non-gel  materials. 

INTRODUCT I  ON 

Historically,  many  type  of  materials  have 
been  used  to  seal  interfaces  in  the  telephone 
networks.  Crossl inked  elastomers,  hot  melt 
adhesives,  mastics  and  tapes  comprise  the  major¬ 
ity  of  sealing  systems  in  use  today.  In  this 
paper  we  wish  to  discuss  a  new  sealing  system 
which  offers  advantages  over  many  of  the  current 
sea  ling  materials. 

The  materials  to  be  discussed  fall  under 
the  general  c I  ass i f i ca t i on  of  GELS.  Gels  are 
very  soft  pliable  materials  that  easily  con¬ 
form  to  complex  substrates.  Several  applica¬ 
tions  of  gels  for  the  sealing  in  the  outside 
plant  will  be  discussed. 

THE  GEL  STATE1 

Crossl inked  polymers  are  insoluble  in  all 
solvents  unless  the  solvent  deactivates  the 
crosslink,  for  example,  in  the  case  of  a  physical 
crosslink.  Crossl inked  polymers  can  be  swollen 
and  exist  in  the  swollen  state.  The  degree  of 
swelling  will  depend  on  the  following 
parameters : 

A.  Crosslink  Density 

B.  Polymer  Structure 

C.  Nature  of  the  Solvent 

In  fact,  the  de  gree  of  swelling  of  a  crossl inked 
polymers  by  a  given  solvent  has  been  used  over 
many  years  as  a  measure  of  the  crosslink  density 
(Flory  0  Rehner  Equation). : 


Raychem  Ltd. 

Swindon,  U.K. 

Highly  swollen  crossl inked  polymers  (or 
mac rdmol ecu  1 es)  are  called  GELS.  The  type 
of  crosslink  to  form  a  qel  may  be  either  chemical 
or  physical  in  nature.  The  qel  state  has  pro¬ 
perties  very  different  to  a  solution  or  non-cross- 
linked  system  in  that  the  gel  state  the  polymer 
chains  have  restricted  movement. 


- \  ”  '—J  «  ,r\ 
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FLEXGEL3,  used  for  the  filling  of  telephone 
cables,  is  an  example  of  a  gel.  It  was  formulated 
for  some  very  specific  properties  related  to 
the  filling  of  telephone  cables.  It  has,  for 
example,  a  relatively  low  elonqation  at  break  and 
is  mechanically  weak.  These  properties  are 
important  cha rac ter i s t i c s  since  it  allows  easy 
removal  at  a  splice  opening. 

Gels  can  be  produced  with  a  ranqe  of  proper¬ 
ties  dependent  on  the  specific  application.  They 
are  very  soft  materials  which  when  formulated 
correctly  can  be  desiqned  into  devices  that  qive 
a  good  seal  but  also  allows  reenterability  and 
reusab i 1 i ty . 

EXPERIMENTAL 

Ge I  Synthes i s 

Gels  were  prepared  by  either  dissolving  a 
monomer  or  polymer  in  the  appropriate  solvent  and 
then  curing  the  mixture. 

Cone  Pcne t  rat  ion 

Cone  penetration  was  measured  according  to 
a  modified  version  of  A  STM  D217  using  a  full- 
scale  cone.  The  penetration  was  determinea  at 
23c  by  releasing  a  standard  full-scale  cone 
assembly  from  the  penetrometer  and  allowing  the 
cone  to  drop  freely  into  the  qel  for  5  seconds, 
the  penetration  depth  is  expressed  as  tenths  of 
a  millimeter. 
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Tens i l e  Test i ng 

Tensile  testing  of  the  gels  used  a  modified 
version  of  ASTM  DM2.  Samples  for  tensile 
testing  were  cut  from  sheets  of  gel  of  uni¬ 
form  thickness  between  1  and  5  mm  using  a 
Type  BS  2728/ ISO  37  or  a  type  3  ASTM  D412  dumb¬ 
bell  cutter.  Tensile  and  ultimate  elongation 
were  measured  at  23c. 

Dynam ? c  Mechanical  Analysis** 

Samples  of  the  gels  (and  other  materials) 
were  cut  from  sheets  having  a  uniform  thickness 
between  1  and  5mm  using  a  25mm  circular  razor 
cutter.  The  samples  were  cleaned  with  lint- 
free  wipes  before  testing  to  remove  surface 
depos its. 

The  dynamic  mechanical  properties  of  the 
gels  were  measured  using  a  RDS-7700  instrument. 
The  oscillatory  parallel  plate  mode  (Figure  1) 
was  used  at  25c  and  80c  over  an  angular 

Figure  1 

Dynamic  Analysis  Parallel  Plate  Mode 


y0SINcot 
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frequency  range  of  0.1  to  100  rad  s .  The 
dynamic  strain  was  generally  maintained  at  0.05 
except  for  measurements  at  low  rates  and  high 
temperatures  where  larger  deformations  were  used 
to  improve  instrument  signal  resolution.  The 
strain  amplitude  was  kept  within  the  reaion 
where  the  dynamic  stress  in  linear  with 
dynamic  strain. 

Stress  Relaxation 


the  dynamic  loss  modulus  (G")  show  a  crossover 
point,  within  the  frequency  range  of  0.1  to  100 
rad  s  * 1 . 

Figure  2 

Gel  DMA  Spectrum 


Figure  3 

Non-Gel  DMA  Spectrum 
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TABLE  1 

DYNAMIC  MECHANICAL  ANALYSIS  RESULTS  MEASURED  AT  1  H. 


Stress  relaxation  experiments  were  performed 
on  samples  prepared  the  same  as  for  D.M.A.  work. 
The  analysis  was  performed  on  the  RDS-7700 
instrument  using  the  transient  parallel  plate 
mode,  allowing  the  input  of  a  preselected  st^p 
strain  level  up  to  100''.  The  dacay  of  the 
resultant  torque  modulus  and  normal  stress  were 
measured  as  a  function  of  time  at  constant 
temperature . 


Material 

10E2 

Cel  A 

re!  p 
Cel  C 

Si  Elastomer 
Si  Grease 
Mastic 


C  I2JC/80C) 
dynes/ cm’ 

37t/3~: 

32/  31 
3:  24 

10570/5394 
233/24 
14540 '3202 


Tan  (23C/80C) 


0.18/0.05 
0 . 70/0.63 
0. 15/0. 04 
0.06/0.11 
1.47/1.65 
0.85  1.54 


Eta'  ( 2  3c/ 80c 
K  poise 

6.  1/5.9 
0 . 6 '0 . 6 
0.5/0 . 5 
167/86 
6.62.4 
303  93 


7an  *  G  (lose  modulus  I /  C  (etcraqe  mod  ulus/ 


RESULTS 

The  results  for  the  dynamic  mechanical 
analysis  are  shown  in  Table  1  for  a  range  of 
gel  materials  with  different  polymer  structures 
together  with  data  for  a  silicone  elastomer,  a 
silicone  grease  and  a  mastic. 

Figures  2  and  3  show  the  typical  data  for 
a  gc '  and  a  non-gel  material.  Fo'  the  non-qel 
material,  the  dynamic  storage  modulus  (G1)  and 


For  non-gel  materials  the  value  of  the  loss 
tangent.  Tan  ;  shows  an  increase  together  with 
a  substantial  decrease  in  the  complex  dynamic 
viscosity.  Eta-  and  G1  with  the  increasing 
temperature.  For  the  qel  materials  the  tempera¬ 
ture  increase  aives  relatively  stable  readings 
for  Eta-  and  G1,  and  a  slight  decrease  in  Tan  . 
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Table  2  gives  data  for  the  s t resl re  I axa t i on 
experiments  carried  out  at  23c  for  1  hr.  The 
stress  relaxation  ratio,  SRR,  is  defined  as  a  ratio 
of  the  stress,  or  modulus,  G(T),  at  time  t 
divided  by  the  peak  stress  achieved  when  the 
strain  in  applied  at  t=0,  i.e.,  [ G ( T )  at  t]/G(T) 
max .  ]  . 


Material  SRR  Relaxation  Time 

3600  s)  (s) 


Gel  A 

0.835 

>3600 

Gel  B 

0.593 

>3600 

Gel  C 

0.740 

>3600 

Grease 

0.235 

49 

Mastic 

0.093 

6 

Figures  4  and  5  show  the  typical  relaxa¬ 
tion  curves  for  a  non  gel  and  gel  material.  The 
non  gel  material  shows  rapid  continuous  relaxation 
indicative  of  polymer  chain  flow  for  a  non  cross- 
1  inked  mater i a  1 . 

Table  3  gives  the  values  for  the  cone  pene¬ 
tration  and  tensile  properties  for  the  range  of 
materials.  In  the  case  of  the  silicone  grease 
the  tensile  properties  could  not  be  measured  and 
en  elongation  of  O'  is  assumed. 

Figure  A 

Gel  Relaxation  Spectrum 

11 '  T 


i 
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DISCUSSION 

The  results  of  the  dynamic  mechanical 
analysis  experiments  clearly  show  differences 
between  qels  and  non-gel  materials.  Although  the 
qel  materials  are  very  soft  and  pliable,  at 
elevated  temperatures  they  maintain  characteris¬ 
tics  similar  to  ambient.  In  sharp  contrast,  the 
non  qel  materials  show  a  decrease  in  properties 
at  elevated  temperature. 

Figure  2  and  3  showing  typical  D.M.A.  cut ves 
for  qel  and  non  qel  materials  clearly  demonstrate 
substantial  differences.  For  the  qel  material 
there  is  not  a  cross-over  point  for  G'  and  G" , 
indicating  the  presence  at  all  frequencies  of  a 
viscoelastic  network  system.  The  non  gel  materials 
show  a  cross-over  of  G 1  and  G"  over  the  frequency 
range  indicating  a  loss  of  the  viscoelastic  net¬ 
work  which  will  lead  to  polymer  flow.  This 
cross-over  is  typical  for  a  non-cross  I i nked 
material.  Fiqure  6  shows  the  D.M.A.  curves  for 
the  polymeric  components  of  qel  B  but  without 
cu  r i nq . 

Fiqure  6 

Non-Cured  DMA  Spectrum 


? 

c 

c 


Fiqure  5 

Non-Gel  Relaxation  Spectrum 
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The  Tan  data  together  with  the  stress  re¬ 
laxation  data  also  im.  irate  some  c  har <r  t  e  r  i  s  t  i  r  s 
of  qel  materials.  The,e  are  a  reflection  of  the 
elastic  response  of  the  materials,  and  are 
spec  i  t  i  ca  1  1  y  mor  <•  re  1  ,»l  «-d  t  i  >  I  ,n  k  and  i  onn  1  iortce 
of  the  qel  to  a  substrate.  A  high  Tan  will 

give  a  very  tacky  material  hut  will  have  a 
weaker  elastic  network  whic.ii  in  turn  will  result 
in  a  high  degree  of  stress  relax.it  ton.  Grease’s 
and  mastic  show  poor  stress  relaxation  data  and 
high  Tan  values  r-lat  ice  to  t  h.-  g.  1  na  t  e  r  i  a  1  s  , 
and  they  would  not  'Siinl.eii  a  good  seal  under 
de  t  <  »rna  t  i  ona  1  s  I  rt  ■>■,  . 

In  adiiitien  to  the  D.d.A.  da  la,  h.irdness 
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(cone  penetration)  and  tensile  properties  further 
characterize  gel  materials. 

The  hardness  as  measured  by  cone  penetration 
correlates  well  with  the  dynamic  storage  modulus, 
G 1 ,  for  the  gel  materials  and  both  can  be  used 
as  criteria  to  characterize  a  gel.  The  tensile 
properties  show  the  materials  to  be  relatively 
weak  when  compared  to  a  conventional  elastomer 
but  to  maintain  a  large  amount  of  elasticity. 


Terminal  Protection 


Trouble  reports  in  pedestals  and  aerial 
terminals  are  often  due  to  moisture  and  corrosion. 
A  cap  has  been  designed  which  contains  a  gel.  The 
gel  is  precured  and  the  cap  is  simply  placed  on 
the  terminal  lug.  The  cap  is  also  designed 
(Figure  7)  to  have  a  mechanical  fit  on  the  lug  so 
that  it  will  be  retained  and  at  the  same  time 


TXBL£  « 

OaShdnieMl  CrlC.ri.  for  fl.l  C’-.Mnr'mr: 


Pyriaai  *  Frequency  Sweep  $  23c 

Oynaeic  Frequency  Sweep  R  80c 

Dynamic  Frequency  Sweep 

Stress  Relaxation 
Cone  Penetration 
Tensile  Testing 


C  <  1  x  10E6  dynes/ca2  8  1HZ 
Eta*  *.  2  x  10E5  poise  8  1Hz 
Tan  <  1.00  8  1Hz 

G  >  1  x  10E2  dynes/ cm2  8  l  Hz 
Eta'  »  1  x  10E2  poise  8  1Hz 
Tan  <  i.00  8  1Hz 

C  <  G  at  frequencies  below 
15Hz  at  23  and  80c 

T  >  900s 

30  -  400  0. laa 

T. S.  <  2  MPa 

U. E.  >  100% 


Table  4  gives  a  compilation  of  the 
preferred  ranges  of  the  previously  discussed 
properties  which  define  a  functional  gel  from  a 
mechanical  point  of  view.  These  combined 
criteria  clearly  distinguish  a  macromol ecu  1 ar 
gel  from  greases,  soft  gums,  mastics  and  elastO' 
mers . 

All  the  properties  discussed  reflect  the 
elastic  behavior  of  these  soft  materials  and 
are  important  in  defining  functional  gel 
materials  for  a  particular  application. 

APPLICATION  OF  GELS  TO  THE  OUTSIDE  PLANT 


By  their  nature  gels  lend  themselves  to 
numerous  applications  in  the  outside  plant.  The 
general  properties  are  as  follows: 

They  are  precured  in  a  specific  container. 
They  are  very  soft  elastomers. 

They  are  easily  deformable  under  a 
compressive  force. 

Compression  on  a  gel  gives  a  good  seal.' 
They  are  good  void  fillers  and  will  deform 
to  the  elastic  limit. 

They  have  elastic  memory  and  removal  of 
the  compressive  force  will  cause  the  gel 
to  retract. 

Temperature  excursions  can  be  readily 
accommodated  with  a  gel. 

When  in  contact  with  a  metallic  substrate 
and  under  compression  they  give  excellent 
corrosion  protection. 

For  a  gel  to  perform  well  in  the  outside 
plant  it  must  have  good  electrical  properties, 
i.e.  a  good  insulator,  and  also  have  good  stabi¬ 
lity.  Gels  are  formulated  to  the  specific 
application  requirements.  In  the  following 
applications  different  gels  are  used  since  each 
application  requires  a  different  set  of  require¬ 
ments. 


apply  a  compressive  force  to  the  gel.  The 
properties  of  the  gel  are  crucial  to  the  perfor¬ 
mance,  if  it  is  too  elastic  the  cap  will  lift  off 
with  time,  too  soft  and  the  gel  will  not  provide 
sufficient  compressive  force  to  maintain  a  seal. 
Table  3  gives  the  typical  properties  of  a  gel  for 
this  requirement. 


TABLE  5 


Properties  of  terminal  protection  Cel 


Tensile  strength  (MPa) 

Ultimate  elongation  (%) 
cone  Penetration  (0.1mm) 
water  Uptake  (7  day/  100c,  1) 
Hydrolytic  Stability  {7  day/lOOc) 
Heat  Aging  (21  day/lOOc) 

Volume  Resistivity  (ohm  cm) 


1  x  10E-2 
1100 
265 
0.056 

No  Reversion 
3%  weight  loss 
3.5  X  10E12 


Re-entry  and  re-use  are  also  important,  the 
adhesive  strength  of  the  gel  to  the  cap  is  larger 
than  the  adhesive  strength  to  the  substrate  and 
the  cohesive  strength  of  the  gel.  On  removal  of 
the  cap,  the  gel  is  retracted  into  the  cap, 
leaving  a  clean  terminal  lug.  The  cap  may  then 
be  replaced  with  no  loss  of  functionality. 
Functional  testing  of  the  product  shows  excellent 
performance,  some  of  the  results  on  a  WECO  9 A 1 
terminal  are  shown  in  Table  6. 


TABLE  6 


Terminal  Cap  Functional  Testing  on  WECO  9A1 

Immersion  in  5%  NaCl  solution  I.P-  >  10E6  ohm 

(30  day/20c) 

Re-entry  of  above  (26%  of  samples)  I.R.  >  10E6  ohm 


Salt  Fog  (30  day,  35c,  95%  RH) 


No  corrosion 


Bell  Cycling  (21  cycles,  -40  to  +60c) 
Immersion  in  5%  NaCl  solution 


100%  retention 
I.R.  >  1 0E6  ohm 
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The  data  illustrates  the  excellent  seal  and 
corrosion  protection  offered  by  the  gel.  A  good 
example  of  how  well  the  gel  seals  is  shown  by 
installing  a  cap  on  a  terminal  lug  underwater  - 
the  electrical  integrity  of  the  system  is  readily 
achieved  on  application  of  the  gel  filled  cap. 
(Figure  8) 

Figure  8 

Water  Displacement  by  Gel  Compression 
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Figura  8 
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Further  evidence6  of  the  corrosion  pro¬ 
tection  can  be  shown  by  measurement  of  the  con¬ 
tact  resistance  at  a  terminal  lug.  After  six 
weeks  of  salt  fog  testing  on  a  closed  terminal 
box  with  unprotected  lugs  resulted  in  an  average 
increase  of  14  mill iohms ,  whereas  the  gel  pro¬ 
tected  lugs  showed  no  change. 

In  contrast  to  the  above,  a  similar  cap 
filled  with  a  typical  grease  used  in  the  outside 
plant  would  show  failures  within  2  days  after 
Bell  cycling.  Temperature  excursions  cause 
greases  to  flow  and  generate  potential  leak  paths. 

Terminal  Block 

The  terminal  protection  cap  was  designed  for 
use  on  existing  terminal  lugs.  As  an  extension 
of  the  concept  of  gel  applications  a  new  terminal 
has  been  designed  which  incorporates  gel  directly. 

Figure  9  shows  a  simple  diagram  of  the 
concept.  During  the  manufacture  of  the  terminal 
block  gel  is  cured  in  the  areas  where  metallic 
substrates  are  present.  Wires  ranging  from  1 8 . 5 
to  2k  gauge  can  be  readily  accommodated  without 
any  modification,  the  gel  allows  easy  entry  for 
the  wires  and  gives  an  excellent  seal.  The 
rotary  action  of  the  termination  necessitates  the 
need  for  a  gel  with  very  good  mechanical  pro¬ 
perties,  since  the  mechanical  requirements  are 
more  severe  than  for  the  terminal  cap  protection 
ge  I  . 


Figure  9 

Cross-section  of  Terminal  Block 


Figure  10  gives  a  schematic  for  the  type  of 
functional  testing  which  is  being  applied  to  this 
terminal . 


Figure  10 

Terminal  Block  Performance  Testing  P  cnram* 
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Aerial  Closure  End  Pieces 

The  final  application  illustrates  the  use  of 
a  gel  to  generate  a  good  closure  to  cable  inter¬ 
face  in  an  aerial  application. 

The  gel  for  this  application  is  somewhat 
harder  than  the  other  applications  but  the 
principles  of  design  are  similar.  The  closure 
end  pieces  comprise  of  two  hinged  half  shells 
filled  with  gel  to  a  specific  pattern.  The 
gel  end  pieces  easily  conform  to  the  cable  and 


TABLE  7 


Tyninal  Gel  Properties  for  End  Pieces  APPliCAtlQn 


Tensile  Strength  (MPa) 
Ultimate  Elongation  (*) 

Cone  Penetration  (0.1mm) 
Volume  Resistivity  (ohm  cm) 


1.0 

1200 

80 

>10E11 


help  keep  water  out.  The  nature  of  the  gel 
material  makes  the  closure  very  easy  to  re-enter. 


5.  C.  Debbaut,  "Apparatus  and  Method  for  Protect¬ 

ion  of  Electrical  Contacts",  U.S. 
Patent  #  1*600261 

6.  J.  Jervis,  Personal  Communication. 


CONCLUSION 

Dynamic  mechanical  analysis  combined  with 
hardness  and  tensile  properties  show  clear 
differences  between  gel  and  non-gel  materials. 
The  mechanical  characteristics  of  a  gel  are 
important  to  the  functional  sealing  performance 
of  a  gel,  as  shown  by  the  applications  to 
outside  plant  products. 
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OPTIMAL  DESIGN  OF  JELLY  COMPOUND  FOR  OPTICAL  CABLE 
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Sumitomo  Electric  Industries,  Ltd. 


Abstract 

The  effects  of  each  components  on  the  charac¬ 
teristics  of  filling  compound  for  optical  fiber 
cables  were  investigated.  It  was  found  that  the 
cone  penetration  and  the  oil  separation  of 
filling  compound  could  be  controlled  by  changing 
the  mean  molecular  weight  of  base  oil  and  the 
contents  of  silica.  curther  it  made  clear  that 
the  value  of  cone  penetration  at  low  temperature 
should  be  more  than  200. 

It  was  also  found  that  it  was  desirable  for  base 
oil  to  have  large  mean  molecular  weight  in  view 
of  long  term  reliability. 


1 , Introduction 

It  is  necessary  for  the  optical  fiber  cables  to 
keep  off  water  because  the  strength  of  glass 
fiber  degradates  by  the  water  penetration.  The 
transmission  loss  also  increases  due  to 
hydrogen  which  is  generated  by  a  chemical 
reaction  of  water  and  components  of  the  cable.1 
In  order  to  prevent  water  penetration,  there  are 
two  types  of  cables.  One  is  the  gas-filling  type 
cable,  and  the  other  one  is  the  cable  with 
filling  compound.  Because  of  easy  maintenance 
for  transmission  line,  the  cable  with  filling 
compound  is  widely  used  in  the  world.  ; 

There  are  several  essential  requirements  for  the 
filling  compounds  to  maintain  stable 
characteristics  of  the  optical  fiber  cables,  and 
also  easily  to  manufacture  the  cables.  The  main 
requirements  of  the  filling  compounds  for  optical 
fiber  cables  are  as  follows: 

(1)  Good  water  blocking  property 

(2)  Exellent  in  thermal  stability 

(3)  Appropriate  viscosity  for  easy  application 

(4)  Low  temperature  dependence  of  viscosity, 
especially  at  low  temperature 

(5)  No  drips  from  the  cable 

(6)  Good  compatibility  with  the  components  of 
optical  fiber  cables,  especially  with  the  coating 
materials  of  optical  fiber 


The  relationship  between  required  chemical  and 
physical  properties  of  filling  compound  and  the 
characteristics  of  manufactured  cable  has  not 
been  established.  Ihe  effects  of  each  component 
of  filling  compounds  on  the  characteristics  of 
filling  compounds  also  have  not  oeen  clear.  We 
produced  the  several  kinds  of  filling  compounds 
which  have  different  compositions  to  investigate 
the  characteristics  of  filling  compound  and 
manufactured  cable.  In  this  paper,  the  effects  of 
each  components  on  the  characteristics  of  filling 
compounds  and  the  properties  of  cable  are 
discussed. 


2.Characteristics  of  filling  compound 

Filling  compound  generally  consists  of  base  oil, 
silica,  antioxidant,  and  the  other  ingredients. 

We  investigated  the  effect  of  each  components  on 
the  characteristics  of  filling  compound. 

2-1  Cone  penetration 

The  relationship  between  cone  penetration  and 
components  of  filling  compound,  such  as  the 
mean  molecular  weight  of  base  oil  and  the 
contents  of  silica,  was  examined.  Several  kinds 
of  filling  compounds  were  produced  by  a  synthetic 
oil  which  showed  good  performance  in  thermal 
stability  test.  The  composition  of  produced 
filling  compounds  are  shown  in  Table. 1.  These 
compounds  consists  of  90  to  97%  of  base  oils 
which  have  different  mean  molecular  weight  of 
2440,  2330,  and  3770,  and  3  to  10%  of  silica. 

The  measurements  of  cone  penetration  of  the 
filling  compounds  were  conducted  at  20°C  and 
-40°C  based  on  ASTM-D937  .  As  the  contents  of 
silica  increased,  the  cone  penetration  of  filling 
compound  fo-  each  base  oil  became  small  as  shown 


TaM 

.  I 

Compos i 

lion 

o  f 

P  i  1 

i  n  t 

C  o  «  p  o  u  n 

tl  s 

SAMIIJ-  No 

2 

3 

1 

5 

6 

7 

R 

S 

10 

i: 

12 

H.H.W  » 

1440 

1440 

1140 

1110 

2230 

2330 

2330 

2330 

3770 

3770 

3770 

3770 

COV  TPMS  OP  SfUCA 

4.0 

5 .8 

7.2 

10.0 

3.8 

5.1 

6.8 

9.2 

:u 

1.! 

5.5 

7.2 

•  *1  .  M  .  V  .  :  Hr. in  11  o  i  C  c  n  I  ,i  r  c  i  R  h  t 


12  International  Wire  &  Cable  Symposium  Proceedings  1988 


U> 


*  h  . u .  mu 

-  1  .  i  .  2  3  3  0 
■J  1  .  V  .  3  7  7  0 


\ 


*1.0  6.0 
f  c*  it  l.  r  it  l  s  a  I 


1.0  10.0 
C‘>  1%) 


(b) 


A  *1  .  k  .  U10 

c  *< .  i  .  :*  :t  ;i  o 

c  K  .  k  .  it  7  7  0 


li .  0  K  .  0  i  0  . 

s  of  S'llu  (I) 


■md  Con**  1'cnplr.it  inn 
f.i)  25V  (b)  -40V 


n 


in  Fig.l.  The  cone  penetration  became  small  when 
the  mean  molecular  weight  of  base  oil  became 
large.  The  same  tendency  was  also  observed  at  low 
temperature.  It  is  found  that  the  cone 
penetration  of  filling  compound  can  be  controlled 
at  any  temperature  by  changing  the  mean  molecular 
weight  of  base  oil  and  the  contents  of  silica. 

2-2  Oil  separation 

In  order  to  improve  the  drip  property  of  filling 
compound  which  is  the  one  of  the  most  important 
property  for  jelly-filled  cable,  the  oil 
separation  should  be  minimized.  The  measurements 
of  oil  separation  after  aging  for  24  hours  at 
100°C  for  the  filling  compounds  listed  in  Table  1 
were  conducted  in  accordance  with  JIS-K2220. 

Fig. 2  indicates  that  the  increase  of  silica 
contents  has  good  effect  to  reduce  oil  separation 
of  filling  compound.  AS  contents  of  silica 
increased,  oil  separation  reduced.  However  it  was 
impossible  to  reduce  the  oil  separation  less  than 
3%.  When  the  contents  of  silica  was  same  level, 
higher  molecular  weight  made  lower  oil 
separation.  In  order  to  reduce  the  oil  separation 
to  0%,  other  ingredient  is  necessary  to  be  mixed. 
Fig. 3  shows  oil  separation  of  filling  compounds 
added  two  types  of  resins.  In  both  cases,  oil 
separation  could  be  reduced  completely  when  6%  of 
resins  were  added. 


3. Optimal  cone  penetration  at  low  temperature 

It  is  said  that  the  attenuation  of  jelly-filled 
cable  increases  at  low  temperature,  because  of 
hardening  of  filling  compound.  In  order  to  make 
clear  the  allowable  hardness  of  filling  compound, 
especially  at  low  temperature,  jelly-filled 
cables  with  the  different  filling  compounds  were 
manufactured.  The  cross-sectional  structure  of 
produced  cables  is  shown  in  Fig. 4.  Eight 
rectangular  slots  were  provided  helically  on  the 
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Kig.4  Structure  of  Jelly-Filling  Cable 

1  .  Optical  fiber 

2  .  .Icily  coitpounnd 

1.  ,C>l*j>ind  Steel  wire  sir. it,  a 

4.  Grooved  spacer 

5.  trappmt 

6  .  LAI*  sheath 


spacer  which  were  made  of  polyethylene.  Stranded 
galvanized  steel  wire  was  used  as  the  strength 
member  in  the  center  of  the  spacer.  Six  single 
mode  fibers  coated  with  UV  curable  resins  up  to 
250  um  in  diameter.  The  diameter  of  grooved 
spacer  and  LAP  sheath  were  12.2  mm  and  16.3  mm 
respectively.  Three  types  of  filling  compounds  in 
Table  2  which  have  different  temperature 
dependence  of  cone  penetration  value  were  used  to 
investigate  the  relationship  between  attenuation 
increase  at  low  temperature  and  the  value  of  cone 
penetration.  The  attenuation  of  two  cables  filled 
with  compound  A  and  compound  8  increased 
similarly  at  low  temperature.  These  loss 
increases  at  low  temperature  may  be  caused  by 
shrinkage  and  hardening  of  filling  compound.  No 
loss  increase  was  observed  for  the  cable  with 
compound  C  which  had  enough  softness  even  in  low 
temperature.  The  relationship  between  cone 
penetration  value  and  loss  increase  at  each 
temperature  is  shown  in  Fig. 6.  In  order  to 
prevent  loss  increase  at  low  temperature,  the 
value  of  cone  penetration  should  be  more  than  200 
at  low  temperature. 


Tabic.  2  Cone  I'rnct  ra*  ion  of  Filling  Compounds 
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4 . Compatibi 1 i ty  with  coating  materials  of  optical 
fiber 


Since  the  coating  materials  of  optical  fiber  are 
most  sensitive  to  filling  compound  among  the 
components  of  cable,  the  compatibility  with  the 
coating  materials  of  optical  fiber  was  examined. 
For  the  examination  of  the  compatibility  with  the 
ccat’ng  materials,  UV  curable  resin  which  was 
generally  used  as  a  primary  buffer  was  selected. 
The  sheet  samples  of  UV  curable  resin  were 
immersed  at  60°C  into  the  three  kinds  of  base  oil 
of  filling  compound.  Tnese  base  oils  had 
different  mean  molecular  weights  such  as  470, 
1010,  and  3770.  The  weight  changes  of  the  test 
specimens  of  UV  curable  resins  before  and  after 
immersion  were  measured.  Before  the  immersion, 
uncrossl i nked  portion  of  UV  curable  resin  was 
extracted  with  methyl -ethyl -ketone  in  order  to 
compensate  outgoing  of  uncured  extractable.  The 
weight  change  of  each  test  specimen  was  found  to 
be  saturated  within  7  days  as  shown  in  Fig. 7.  The 
weight  increase  in  the  small  mean  molecular 
weight  oil  was  clearly  larger  than  that  in  the 
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5. Conclusion 


The  relationship  between  the  components  and  the 
characteristics  of  filling  compound  was  examined. 
In  consequence,  it  was  found  that  the  cone 
penetration  at  any  temperature  and  the  oil 
separation  could  be  controlled  by  changing  the 
mean  molecular  weight  of  base  oil  and  the 
contents  of  silica.  Further  it  made  clear  that 
the  value  of  cone  penetration  at  low  temperature 
should  be  more  than  200.  And  it  was  also  found 
that  the  weight  cnange  of  U V  curable  resin 
immersed  into  filling  compound  could  be  lowered 
as  the  mean  molecular  weight  of  base  oil 
increases. 
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large  mean  molecular  weight  oil.  It  was 
concluded  that  the  small  molecular  weight  oil 
could  penetrate  into  UV  curable  resin  more  easily 
than  the  large  mean  molecular  weight  oil.  In  view 
of  long  term  reliability,  the  mean  molecular 
weight  of  base  oil  should  be  large,  because  the 
adhesion  of  the  interface  between  glass  and  resin 
becomes  lower  due  to  penetration  of  base  oil. 

The  stability  of  tensile  strength  of  optical 
fiber  immersed  into  the  base  oil  of  filling 
compound  was  also  examined.  The  optical  fiber 
coated  with  the  above  resin  was  immersed  into  the 
three  types  of  base  oil  at  60°C.  No  degradation 
of  the  tensile  strength  of  optical  fiber  immersed 
in  each  base  oil  has  not  been  observed  as  shown 
in  Fig. 8. 
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AMORPHOUS  POLYAMIDES  AND  BLENDS 

THEREOF  SUITABLE  MATERIALS  FOR  HIGH-PERFORMANCE  LOOSE  JACKETING 


Dr.  H.H.  Dalla  Torre 


EMS-CHEMIE  AG,  7013  Domat/Ems,  Switzerland 


Abstract 


Very  rigid,  dimension  and  heat  stable 
copolyamides  and  copolyamide-blends 
are  suitable  materials  for  the  dual 
loose  tube  application. 

For  different  application  requirement, 
variation  in  the  properties  can  be 
achieved  by  changing  the  chemical 
composition  of  the  copolyamides, 
especially  the  amount  of  the  lactam. 
Special  properties  like  crack  resist¬ 
ance  and  flexibility  of  the  materials 
can  be  improved  by  blending  them  with 
similar  semicrystalline  polyamides. 

In  forming  special  blends  of  these 
copolyamides  with  polymers  which  show 
poor  water  adsorption,  it  is  possible 
to  create  materials  for  the  mono  loose 
tube  application. 


1 .  Introduction 

Among  the  various  materials,  which 
are  needed  for  the  construction  of 
fiber  optic  cables,  the  buffer 
materials  are  of  extreme  importance 
to  ensure  long  time  of  the  optical 
fiber. 

They  can  affect  the  optical, 
mechanical  and  connectional  per¬ 
formance  of  the  cable  and  must, 
therefore,  be  carefully  selected. 

The  tight  jacketing  is  usually 
applied  on  single  fiber  cables  and 
needs  rather  flexible  materials. 
The  loose  tube  construction  repre¬ 
sents  a  more  rigid  system,  which 
allows  the  use  of  one  or  a  number 
of  optic  fibers  embedded  in  a 
single  tube. 


The  loose  jacketing  system  is  a 
sophisticated  construction  tech¬ 
nology,  which  provides  maximum 
protection  against  compressive  and 
tension  forces  as  well  as  chemical 
and  environmental  influences, 
provided  the  cable  design  and  the 
selected  materials  are  of  appro¬ 
priate  quality. 

2.  Loose  tube  material  quality: 

The  materials,  which  can  be  used 
successfully  in  loose  tube  con¬ 
struction  must  be  able  to  fulfil 
all  of  the  following  very  demanding 
requirements : 

*  good  processability 

*  good  melt  behaviour 

*  high  melt  strength 

*  high  shear  modulus 

*  high  stiffness 

*  high  tensile  strength 

*  high  compressive  strength 

*  good  flexural  strength 

*  sufficient  tenacity 

*  good  heat  resistance 

*  good  stress  cracking  resistance 

against  all  buffer  filling 
materials  and  solvents  used 
in  splicing  operations,  such 
as  alcohols  or  acetones 

*  low  water  uptake 

*  good  dimensional  stability 

*  sufficient  abrasion  resistance 
( hardness ) 

and 

*  a  competitive  price 


3 .  Available  polymers 

Considering  the  various  polymers 
which  would  apparently  be  appro¬ 
priate  to  a  loose  tube  application, 
one  would  discover  that  most  of 
them  do  not  meet  the  specifications 
as  outlined  above. 
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Polyolefines  (polypropylene, 

polyethylene,  copolyolefines, 
polyvinylchlorides,  etc. )  are 
not  stiff  enough  and  show  poor 
dimensional  stability  and  high 
coefficient  of  thermal  expan¬ 
sion. 

Polyesters  (PET  and  PBT )  show 
generally  good  properties 
especially  low  water  uptake,  but 
fail  because  of  weak  compressive 
strength  and  stability  against 
thermal  hydrolysis . 

Polystyrene ,  ABS  (Acryl-buta- 
diene-styrene,  PMMA 

(polymethylmetacrylates )  ,  SAN 

( polystyrene-acrylnitril )  and 
others  suffer  due  to  poor  stress 
cracking  resistance. 
Polycarbonates  show  low  water 
absorption  and  good  mechanical 
properties,  but  are  weak  in 
stress  cracking  and  chemical 
resistance. 

Polyamide  6,  6.6,  4.6,  6.10  are 
not  very  suitable  because  of 
dramatic  changes  in  mechanical 
properties  under  water  saturated 
conditions. 

Polyamide  12  and  similar  long 
chain  polyamides  are  weak  in 
stiffness  and  dimensional 
stability  because  of  their 
tendency  to  post  crystallize. 

Fluoropolymers , _ polysulfones, 

polyethersulfcnes,  polyether- 
etherketones  ( PEEK ) ,  polyether- 
imldes  and  liquid  crystall 
polymer  ( LCP )  generally  has 
excellent  mechanical  and  physi¬ 
cal  properties,  but  are  not  easy 
to  process,  have  an  unfavourably 
high  density  and  are  very 
expensive. 


*  Easy  adaptability  of  properties 
to  the  requirements  of  different 
applications. 

The  properties  of  amorphous 
copolyrmides  can  easily  be  varied 
in  a  wide  range  by  changing  the 
ratio  of  composition  and  nature  of 
raw  materials,  which  form  the 
copolyamide  resin. 

A  frequent  combination  consist  of 
three  to  five  compounds,  of  which 
at  least  two  represent  the  diamine/ 
dicarboxylic  acid  pairs  and  a  third 
or  fifth  a  monomeric  lactam. 

1  2 

The  first  pictures  (pictures  1  /I  ) 
shows  some  characteristic  physical 
and  mechanical  properties  of  two 
representative  types  of 

copolyamides,  the  first  a 
hexamethylene-isophthalic  acid 

copolyamide  called  in  this  paper 
Copolyamide  3,  and  a  laurolactam- 
isophthalic  acid  copolyamide  called 
herein  Copolyamide  5. 

The  shear  modulus  curves  of  the  two 
copolyamides  demonstrate  their 
stability  at  elevated  temperatures 
(picture  21  and  i). 


i 

Picture  1 


4.  Quality  of  copolyamides 


In  comparison  to  the  above  poly¬ 
mers,  amorphous  copolyamides  and 
blends  thereof  presently  represent 
the  ideal  thermoplastic  materials 
for  the  loose  tube  construction. 
These  polyamides  display  advantages 
compared  to  the  semi  crystalline 
polymers,  but  also  over  other 
amorphous  polymers  currently 
available,  which  consists  chiefly 
in  the  following  areas: 


*  High  stability  of  mechanical 

properties  within  a  broad 

temperature  range 


*  Extensive  independence  of  the 
mechanical  properties  from 
moisture  content 


Specific  privity  PIN  S3479  p/Ce3  1 . IS 

Male  flow  index  (270V125W)  DIM  53735  g/10‘  20 

Refractive  index  DIN  534*1  1.520 

Olaee  transition  temperature  DSC  ’C  140 

Heat  distortion  temperature 

0.46  K/M'  (1)  DIN  53451  'C  1)6 

1,22  N/mm*  (A)  ISO  75  *C  130 

Coefficient  of  linear  therm,  expansion  DIN  52322  _«  , 

-40*  to  ?0’C  10  5.0 

♦70*  to  100’C  10  7.0 

Water  absorption  (saturated  In  water)  DIN  53495  *  3.2 


Tensile  strength  a.  break 
elongation  at  brsak 
Tensile  modulus  dry/cond. 
flexural  modulus  dry/cond. 

Compressive  strength 
lapect  strength 

Notched  impact  strength  (Charpy) 

Shrinkage  of  a  loose  tuba  (0  1. 2/2.0) 
after  eg ing  34  hour*  at  100  'C 


DIN  13455  N/mm*  22 

DIN  53455  *  20-40 

DIN  53457  N/mm*  2400/3400 

DIN  53452  N/mm*  3200/3200 

DIM  53454  H/mm*  120 

DIN  53453  KJ/m*  nb 

DIN  53453  KJ/m*  2 

ASTH  D  256  3/m  40 

o/oo  2. 0-2. 2 
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Spec  if lo  gravity  DIN  53*79  g/ce3  1-05 

Mel*  flow  Inte*  (270V12SN)  DIM  53735  g/10'  26 

Refractive  intea  DIM  53491  1-330 

Olaaa  tranaition  tee per atura  DSC  *C  155 

Meet  distortion  T— ptr>Tnr> 

0.**  N/ee>  (R)  DIM  53461  *C  145 

1,82  K/ee*  l At  ISO  75  *C  133 

Coefficient  of  linear  there,  expansion  DIM  52328  .  , 

-4C*  to  70*w  10  ?»X  ,  6.8 

♦70*  to  »00'C  10"3**'1  7.8 

Mater  absorption  (saturated  in  water)  DIM  33495  I  3.3 


Tensile  strength  a.  break  DIN  53435  N/aa1  60 

Rlongatlon  at  break  DIM  53455  *  30-120 

Tensile  eodulua  dry/cond.  DIM  53457  N/ee*  2300/2300 

rieaural  eodulua  dry/cond.  DIN  33452  N/ae>  2200/2200 

Coapreeelve  strength  DIM  53454  N/ee*  105 

lepect  strength  DIN  53453  XJ/a*  nb 

Notched  lepect  Strength  (Charpy)  01N  53453  XJ/e1  4-3 

ARTM  D  256  J/e  60  -  70 

Shrinkage  of  e  loose  tube  (0  1. 2/2.0) 

aftar  aging  24  hours  at  100  *C  o/oo  0. 8-1.2 


1 

plctur*  2 


-100  -50  0  50  iOO  ISO  200  Z5C 


2 

Picture  2 


100  -50  -0  50  100  1SQ  200  2SC 


iCCi: 


These  properties  do  not  change 
substantially  when  measured  in 
water  conditioned  stage,  which 
means  these  two  copolyamides  are 
able  to  retain  their  rigidity  and 
dimensional  stability  in  spite  of 
water  absorption.  This  compares 

favourably  with  the  partially 
crystalline  polyamides,  the  prop¬ 
erties  of  which  are  strongly 
dependent  on  moisture  content. 
Specific  properties  like  glass 
transition  temperature,  heat 

distortion  temperature,  tensile 
strength,  flexibility,  chemical 

resistance  and  others  can  be 

increased  or  decreased  by  varying 
the  ratio  of  lactam  to  the  diacid/ 
diamine  contents. 

The  more  the  lactam  content  is 
reduced,  the  more  the  heat  deflec¬ 
tion  temperature  and  the  stiffness 
increase.  On  the  other  hand  it  is 
possible  to  improve  the  flexibility 
and  impact  strength  by  increasing 
the  lactam  content. 

The  next  pictures  (pictures  3-11) 
show  the  dependence  of  the  glass 
transition  temperature,  melt 

viscosity,  water  absorption, 

flexural  modulus,  tensile  and 
impact  strength  on  the  amount  of 
caprolactam  or  laurolactam  used  as 
co-component  in  the  polycondensa¬ 
tion  of  Copolyamide  3  and  Copolya¬ 
mide  5. 

A  similar  variation  in  properties 
can  be  created  by  using  ( instead  of 
rigid  molecules  like  lsophthalic 
acid  or  cycloaliphatic  diamines) 
more  flexible  ones,  such  as  long- 
chain  diacides  or  diamines  (azelaic 
acid,  sebacic  acid,  dodecandioic 
acid)  or,  on  the  diamine  side 
5-methylnonandiamine  or  dodeca- 
methylenediamine . 
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Dependence  of  glass  transition 
temperature  1)  on  the  amount  of 
caprolactam  in  Copolyamide  3 


Dependence  of  tensile  strength 
at  break  1)  on  the  amount  of 
caprolactam  in  Copolyamide  3 


Dependence  of  water  absorption  1) 
on  the  amount  of  caprolactam 
in  Copolyamide  3 


Dependence  of  melt  viscosity  1) 
on  the  amount  of  laurolactam 
in  Copolyamide  5 


Pi*  x  1000 


i)  according  lo  DIN  53405  plotur*  4 


£ms 


relative  vijcoaity  145  (0  5»  m*Kr) 
t)  according  to  Din  53735 


£ms 


Dependence  of  flexural  modulus  1) 
on  the  amount  of  caprolactam 
in  Copolyamide  3 


Dependence  of  glass  transition 
temperature  1)  on  the  amount  of 
laurolactam  in  Copolyamide  5 


1  teer>'0"'e  >0  OiN  53*52 


picture  6 


£ms 


i)  measured  qta 


picture  8 


£ms 
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Dependence  of  water  absorption  1) 
on  the  amount  of  laurolactam 
in  Copolyamide  5 

8 
0 

4 

2 
0 


cording  to  OlN  53495  pioluf*  0 


£ms 


Dependence  of  flexural  modulus  1) 
on  the  amount  of  laurolactam 
in  Copolyamide  5 


N/mm2 


\)  according  to  OlN  53*52  picture  to 


£ms 


Dependence  of  notched  impact 
resistance  1)  on  the  amount  of 
laurolactam  in  Copolyamide  5 


5 .  Polyamide  blends 

Some  mechanical  properties  of 
copolyamides,  such  as  crack  and 
impact  resistance  or  flexibility  in 
copolyamides  are  rather  weak.  They 
can  be  substantially  improved  by 
blending  these  copolyamides  with 
semi-crystalline  polyamides  like 
polyamide  6,  6.6,  6.10,  6.12,  11  or 
12,  which  have  good  affinity  to 
amorphous  polyamides  forming  alloys 
with  a  stable  block -copolymer 
structure.  Heat  distortion  temper¬ 
ature  and  water  absorption  can  also 
be  influenced  by  forming  these 
alloys . 

These  blend  compositions  differ 
enormously  in  their  characteristics 
from  the  foregoing  copolyamides, 
which  may  contain,  for  example,  the 
same  amount  of  polyamide  6  or  12 
incorporated  statistically  as  a 
lactam  co-component  in  the  polymer 
chain  without  obtaining  the  same 
improvements .  Such  blends  partially 
combine  the  properties  of  linear 
crystalline  polyamides  (tenacity 
and  chemical  resistance)  with  those 
of  the  amorphous  copolyamides 
(dimensional  stability  and  inde¬ 
pendence  of  the  rigidity  from 
moisture  content ) . 

These  blends  are  easily  formed  and 
processed  using  a  simple  heatable 
ocrew  extruder.  This  operation  may 
cause  partially  transamidation 
reaction  depending  cn  temperature 
and  residence  time,  usually  without 
affecting  qualities. 

The  following  two  pictures  (12-13) 
display  some  properties  of  two 
blend  compositions: 

Blend  9/8  and 

Blend  5/4 


The  first  represents  a  blend  of 
Copolyamide  3  with  Polyamide  6.6, 
and  the  second  (Blend  5/4)  demon¬ 
strates  a  mixture  of  Copolyamide  5 
with  Polyamide  12. 
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Picture  12 

Blend  9/8 


Frepwty _ Text  wethod 

Specific  gravity  DIM  53479 

Refrectlve  Index  DIN  53491 

Halting  point  DTA 

Glees  transition  temperature  dta 
Hast  distortion  temp.  B/A  ISO  75 

Coefficient  of  linear  them. 

ax pension  (-30  to  ♦120*C)  DIN  52328 
Water  absorption 
Tensile  strength  at  yield 
Tanslla  strength  at  break 
Elongation  at  break 
Tensile  modulus  dry/cond. 

Flexural  modulus  dry/cond. 

Compressive  strength 
Impact  strength 
Notched  Impact  strength 
(Charpy) 

Shrinkage  of  a  loose  tube 
(.ITI. 2/2.0)  after  aging 
24  hours  at  100  *C 
Crack  resistance  In  methanol  test  bars 
under  load 
In  100  I  me 


DIN  53495 
DIN  53455 
DIN  53455 
DIN  53455 
DIN  53457 
DIN  53452 
DIN  53454 
DIN  53453 
DIN  53453 


Unit 

g/cm 

*C 

*C 

•c 

•c 


10"S/K 

» 

N/M1 

N/«X»* 

« 

N/mm‘ 

N/xw* 

N/mm* 

KJ/m* 

KJ/m* 


o/oo 

N/mm* 

ithanol 


Value 

1.14 

1.567 

248 

102 

98/86 

5. 8-6. 8 
3.2 
105 
65 
SO 

2500/2500 

3100/3100 

100 

n.b. 


110 

very 

good 


Picture  13 

Blend  5/4 


Property _ _ _ 

Specific  gravity 

Halting  point 

Glass  transition  temp. 

Heat  distortion  temp.  B 
Coefficient  of  lln.  thermal 
expansion  (-30*to  120*C) 
Water  absorption 
Tensile  strength  at  yield 
Tensile  strength  at  break 
Elongation  at  break 
Tensile  modulus  dry/cond. 
Flexural  modulus  dry/cond. 
Compressive  strength 
lapect  strength 
Notched  lapsct  strength 
(Charpy ) 

Shore  hardness 
Shrinkage  of  e  loose  tube 
(0  1. 2/2,0)  after  aging 
24  houri  at  100  *C 
Crack  raslscance  In  methanol 


Teat  Method  Unit _ Value 

DIN  53479  g/cm3  1.03 

DTA  *C  176 

DTA  *C  135 

ISO  75  130 

VDE  0304/4  10‘5/K  7-8 

DIN  53495  «  1.6 

DIN  53455  N/mm*  80 

DIN  53455  N/mm*  60 

DIN  53455  %  100 

DIM  53457  M/mm*  2300/2300 

DIN  53452  N/mm*  2150/2150 

DIN  53454  N/mm>  98 

DIN  53453  KJ/m*  n.b. 

DIN  53453  KJ/m*  8 

DIN  53505  80 


o/oo  0.4-0. 6 

teat  bara  N/mm*  "  80 
under  load  very 

in  100%  methanol  good 


Although  the  blend  compositions 
present  outstanding  properties,  a 
peculiar  weakness  (common  to  all 
kinds  of  polyamides)  still  persists 
the  ability  to  absorb  water. 
However,  these  two  copolyamides  and 
the  two  blends  displays  this 
weakness  to  a  lesser  degree. 


6.  Dual  loose  tube 


Long  exposure  to  a  water  saturated 
environment  results  in  reduction  of 
certain  properties  of  these 
copolyamides  such  as  heat  distor¬ 
tion  temperature  or  dimensional 
stability. 

Therefore  an  additional  protective 
tube,  consisting  of  resins  with  low 
water  absorption  ( polybutylenthe- 
rephthalate,  but  also  polyolefines, 
polyvinylchlorides  and  fluoro 
polymers )  is  used  as  a  barrier 
sheathing  material  around  the  first 
loose  tube,  forming  a  double  tube 
(dual  loose  tube)  construction.  The 
outer  and  inner  tubes  should  have 
comparable  physical  and  mechanical 
properties  to  ensure  good  process- 
ability  and  compatibility. 
Coextrusion  is  an  economically  and 
suitable  method  for  manufacturing 
dual  loose  tubes  in  one  production 
step. 


7 .  Polyamide  blends  for  mono  loose 
tube 

Although  the  double  tube  around  the 
optical  fiber  represents  optimal 
protection  for  a  long  time,  many 
efforts  are  currently  under  way  to 
replace  the  dual  tube  with  less 
expensive  mono  tube  without  reduc¬ 
tion  of  the  quality  of  protection 
for  the  optical  fiber. 

Polybutylentherephthalate  has 
sometimes  been  proposed  for  this 
application,  but  is  not  being 
widely  used,  probably  because  of 
instability  against  hydrolysis  and 
a  insufficient  compression  resist¬ 
ance. 

Since  the  mono  loose  tube  must 
offer  the  combined  properties  of  a 
dual  loose  system,  an  appropriate 
resin  material  must  demonstrate,  on 
one  hand  a  remarkable  stiffness, 
compressive  strength  and  dimen¬ 
sional  stability  and  on  the  other 
hand  adequate  flexibility,  crack 
resistance  and  a  greatly  reduced 
water  absorption  faculty. 
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Conclusions 


The  foregoing  copolyamides  or 
polyamide  blends  may  be  addition¬ 
ally  blended  with  compatible  (but 
not  similar)  polymers  like 
polystyrene,  polyesters, 
polyoxyphenylenes,  polyolefines 
(which  are  known  to  have  poor 
tendencies  to  water  absorption) 
resulting  in  materials  for  the  mono 
loose  tubing  application  with  the 
above  mentioned  combined  proper¬ 
ties. 


Copolyamides  formed  from  rigid 
molecules  like  isophthalic  acid, 
cycloaliphatic  diamines  and 
lactams  show  the  kind  of  prop¬ 
erties,  which  are  needf  d  in 
optic  fiber  dual  loose  jacketing 
materials. 

By  changing  the  ratio  of  lactam 
content  the  physical  and 


The  next  table  shows  some  out¬ 
standing  properties  of  a  represen¬ 
tative  type  of  this  new  class  of 
copolyamide  blends:  PA  blend 
57/15/10  (picture  14).  According  to 
the  following  picture  (picture  15) 
this  blend  also  presents  high 
temperature  stability  of  the 
polymer  chain  and  a  similar  behav¬ 
iour  of  the  mechanical  properties . 


Picture  14 

Polyuide  blend  57/15/10 


Property 


Teat  Method  Unit  Value# 


•peolflo  gravity 
Molting  point 
Olaae  traneltlon 
Heat  dlatortlon  temperature  B 
Coefficient  of  linear 
there,  eapanalon 
water  abaorption  33* /50  t  hh 
23*  in  water 


DIM  53479  g/cm3  1.09 

DTA  'C  17* 

OTA  'C  142 

ISO  75/DIN  53461  'C,  121  „s 

DIN  5232B  K*1  7-B.10 

DIN  53417  %  0. • 

DIN  53495  1  2.3 


Ten# lie  atrength  at  yield 
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mechanical  properties  can  be 
adjusted  to  meet  requirements  of 
specific  application. 

3.  Chemical  resistance  and  flexi¬ 
bility  can  be  improved  by 
blending  the  copolyamides  with 
linear  polyamides. 

4.  Materials  for  mono  loose  jack¬ 
eting  are  obtainable  by  blending 
the  copolyamides  with  polymers 
which  are  poor  in  water  absorp¬ 
tion  such  as  polystyrenes, 
polyesters,  polyolefines. 


Picture  15 
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SHIELDING  EFFECTIVENESS  OF  SUPERCONDUCTIVE  PARTICLES  IN  PLASTICS 
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Abstract 

The  ability  to  cool  superconductors  with  liquid 
nitrogen  instead  of  liquid  helium  has  opened  the 
door  to  a  wide  range  of  research.  The  well  known 
Meissner  effect,  which  states  superconductors  are 
perfectly  diamagnetic,  suggests  shielding 
applications.  One  of  the  drawbacks  to  the  new 
ceramic  superconductors  is  the  brittleness  of  the 
finished  material.  Because  of  this  drawback  any 
application  which  required  flexibility  (e.g.  wire 
and  cable)  would  be  impractical.  Therefore,  this 
paper  presents  the  results  of  a  preliminary 
investigation  into  the  shielding  effectiveness  of 
YBa2CUjO,.x  both  as  a  composite  and  as  a  monolithic 
material.  Shielding  effectiveness  was  measured 
using  two  separate  test  methods.  One  tested  the 
magnetic  (near  field)  shielding  and  the  other 
tested  the  electromagnetic  (far  field)  shielding. 
No  shielding  was  seen  in  the  near  field 
measurements  on  the  composite  samples,  and  only 
one  heavily  loaded  sample  showed  some  shielding  in 
the  far  field.  The  monolithic  samples  showed  a 
large  amount  of  magnetic  shielding. 


Test  Methods 

Three  different  test  methods  were  used,  one 
testing  far  field  shielding,  one  testing  near 
field  magnetic  shielding,  and  the  other  testing 
for  the  presence  of  Meissner  effect.  A 
Superconducting  Quantum  Interference  Device 
(SQUID)  magnetometer  was  used  to  measure  the  flux 
expulsion  or  Meissner  fraction. 

A  flanged  coaxial  holder  design  was  selected  for 
measuring  electromagnetic  shielding,  and  like  many 
shielding  effectiveness  test  methods,  it  is  based 
on  an  insertion  loss  type  measurement.  Figure  1 
shows  a  diagram  of  the  fixture.  A  flanged  coaxial 
fixture  relies  on  displacement  currents  as  opposed 
to  conduction  current.  The  disadvantage  of  this 
fixture  is  the  extra  measurement  steps  which  must 
be  taken  to  compensate  for  the  perturbation  of  the 
transmission  line  caused  by  the  insertion  of  the 
sample.  This  measurement  method  is  usually  used 
between  10  MHz  and  1  GHz.  The  National  Bureau  of 
Standards  (NBS)  has  proposed  the  standardization 
of  this  fixture  and  it  is  documented  in  several 
papers. 1,2 


Introduction 

The  recent  advent  of  higher  critical  temperatures 
in  superconductors  has  made  It  practical  to 
Investigate  them  for  a  wide  range  of  applications. 
One  application  suggested  by  the  Meissner  effect 
is  to  use  superconductors  as  a  means  of  shielding. 
The  Meissner  effect  simply  states  that  a  magnetic 
field  is  excluded  from  a  superconductor.  Thus,  a 
monolithic  superconductive  shield  would  exclude 
magnetic  interference  as  well  as  have  infinite 
conductivity  unlike  copper  shields.  However,  due 
to  the  brittleness  of  the  ceramic  high  temperature 
superconductors,  a  caole  shielded  with  this 
material  would  be  impractical  in  most  situations. 
An  alternative  might  be  to  load  a  plastic  with 
superconductive  particles.  This  paper  presents 
the  results  of  a  preliminary  investigation  into 
the  far  field  electromagnetic  shielding  and  the 
near  field  magnetic  shielding  of  YBa.,CUjOr 
superconductors  both  mixed  In  a  plastic  matrix  ana 
as  a  pure  ceramic. 


OUTER  CONDUCTOR 


The  NBS  design  for  the  flanged  coaxial  fixture  was 
modified  to  allow  for  the  liquid  nitrogen  cooling 
that  is  required.  To  allow  for  the  boiling  of  the 
liquid  nitrogen,  small  slots  were  cut  through  the 
outer  conductor.  This  was  also  done  In  several 
other  locations  to  ensure  sufficient  ventilation 
for  the  escaping  nitrogen  gas.  The  alternative  to 
cutting  slots  in  the  outer  conductor  was  to  make 
the  fixture  "air  tight".  For  safety  reasons  this 
was  not  attempted  because  of  the  large  vapor 
pressure  of  liquid  nitrogen. 
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The  other  major  modification  to  the  NBS  design  was 
to  compensate  for  the  liquid  nitrogen  dielectric. 
Liquid  nitrogen  has  a  relative  dielectric  constant 
of  1.45.  To  maintain  a  50  ohm  coaxial  test 
fixture  with  this  dielectric,  the  ratio  of  the 
inner  to  outer  conductor  was  changed.  It  was 
decided  to  reduce  the  size  of  the  inner  conductor 
to  maintain  the  50  ohm  impedance. 

The  magnetic  shielding  test  apparatus  is  loosely 
based  on  the  Helmholtz  coil,  ASTH  A698  Vol.  3.04. 
It  consists  of  a  powered  coil  and  a  pick-up  coil. 
The  powered  coil  was  driven  by  an  amplifier  and 
was  swept  in  frequency  from  10  Hz  to  10  kHz.  This 
coil  produced  a  22  gauss  magnetic  field.  The 
pick-up  coil  was  placed  inside  the  powered  coil 
and  was  centered  for  maximum  output  voltage.  The 
shielding  material  was  placed  around  the  pick-up 
coil  and  was  usually  tube  shaped.  The  ratio  of 
the  voltage  generated  by  the  shielded  coil  to  the 
voltage  generated  by  an  unshielded  coil  is  the 
shield  effectiveness. 


Processing  of  Samples 
Composite  Samples 

The  fabrication  process  begins  with  a  well 
characterized  YBa2Cu,0r  (herein  designated  YBC0) 
powder.  Powder  synthesis  may  be  carried  out  by  a 
variety  of  methods,  and  the  mixed  oxide  route  was 
chosen  in  this  study.  Starting  materials  of  BaCO,, 
Y20,,  and  CuO  were  mixed  in  stoichiometric  amounts 
and  pressed  into  disks  for  calcination  (reaction 
at  high  temperatures).  In  this  study,  the 
calcination  temperatures  were  between  900  and 
950*C  for  durations  of  16  to  48  hours,  and  the 
disks  were  crushed  after  firing.  Powder 
calcination  was  a  complex  process  due  to  low 
melting  eutectics  and  residual  BaC0s,  and  several 
heat  treatments  were  necessary  to  obtain  the 
proper  YBC0  phase3.  The  procedure  was  repeated  to 
produce  a  phase  pure  powder  as  judged  by  x-ray 
powder  diffraction  patterns.  The  final  particle 
size  and  morphology  will  affect  all  of  the 
subsequent  processing  operations.  Hilling 
operations  were  carried  out  to  achieve  the  desired 
particle  size  and  distribution.  In  this  study, 
the  calcined  powder  was  milled  to  a  median 
particle  size  in  the  4-7  «m  range. 

The  YBC0  particles  were  then  mixed  with  two 
different  plastics,  Ethylene-Vinyl  Acetate  (EVA) 
and  Polychorotrifluordethylene  (KEL-F).  The  KEL- 
F,H  was  selected  for  its  low  glass  transition 
temperature  and  the  EVA  was  selected  because  of 
its  low  processing  temperature.  Each  plastic  was 
loaded  with  superconductive  particles  on  a 
plastics  mill.  The  KEL-F  processed  at  450’F  and 
the  EVA  at  room  temperature.  However,  due  to  the 
shearing  stresses  built  up  in  the  EVA  during  the 


milling,  its  temperature  reached  1 50* F .  The  KEL- 
F  samples  were  loaded  to  10%,  and  30%  by  weight 
and  the  EVA  samples  were  loaded  to  10%,  30%  and 
80%  by  weight.  A  fourth  EVA  sample  was  loaded 
with  70%  YBCO  and  9%  carbon  black.  The  addition 
of  the  carbon  black  increased  the  press 
temperature  to  300*F.  These  samples  were  then 
pressed  into  .040"  thick  plates  for  testing  in  the 
flanged  coaxial  holder,  and  also  rolled  into  tubes 
for  the  low  frequency  magnetic  shielding  test 
fixture. 


Mono! ithic  T jbes 

Ceramic  tube  fabrication  requires  that  the  YBCO 
powder  be  mixed  with  a  set  of  organics.  A  solvent 
provides  the  basic  vehicle  into  which  the  oxide 
powder  and  other  organics  are  placed.  Care  must 
be  taken  in  selecting  a  solvent  that  is  compatible 
with  the  YBCO  powder  and  other  organic 
constituents,  and  common  solvents  include  methyl 
ethyl  ketone,  methanol,  or  xylene.  Dispersants 
are  utilized  to  deflocculate  the  inorganic 
particles  in  the  solvent,  and  to  assist  in 
obtaining  higher  green  (unfired)  densities. 
Binders  impart  strength  to  the  green  body,  and 
plasticizers  allow  for  greater  flexibility  by 
reducing  the  glass  transition  temperature  of  the 
binder.  In  extrusion,  the  plastic  mass  was  forced 
through  a  small  aperture.  Wire  with  radii  between 
0.3  and  1.5  mm  have  been  manufactured  in  12  to  20 
cm  lengths.  In  this  study  6"  long  tubes  were 
formed  with  a  .190"  inside  diameter  and  a  .040" 
wall.  These  tubes  were  used  to  measure  shielding 
effectiveness  in  the  near  field  test  apparatus. 

The  heat  treatment  schedule  for  fabricated  shapes 
is  divided  into  three  basic  sections.  Initially, 
a  slow  increase  in  temperature  is  required  to 
remove  organics  from  the  green  body.  In  this 
study,  organics  were  volatilized  below  350'C. 
During  sintering  a  well  calcined  powder  will  have 
a  liquid  phase  that  has  an  onset  temperature 
between  930  and  960*C4.  The  tubes  were  heated  in 
oxygen  to  950*C  in  order  to  sinter  the  powder  to 
high  density.  The  final  step  is  an  annealing 
procedure  to  incorporate  oxygen  into  the  YBCO 
lattice  to  form  the  superconducting  phase.  The 
relationship  between  oxygen  content  and  phase 
transition  to  the  superconducting  orthorhombic 
phase  has  been  studied  extensively  . 


Mono! ithic  Tapes 

The  tape  casting  process  requires  that  the  YBCO 
powder  be  mixed  with  a  set  of  organics,  which 
exactly  parallels  the  ceramic  tube  fabrication. 
However,  instead  of  being  extruded,  the  tape  cast 
samples  were  made  by  a  doctor  blade  traversing 
over  a  glass  plate  to  form  a  uniform  layer.  The 
tape  was  removed  from  the  glass  plate,  and  was 
very  flexible  in  the  unfired  state  owing  to  the 
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organics  incorporated  in  the  cast  material.  The 
heat  treatment  schedule  also  parallels  that  of  the 
tube  fabrication  including  the  final  step  of 
oxygen  annealing  to  obtain  the  superconducting 
phase.  The  superconducting  tapes  were 
approximately  4"  in  diameter  and  .012’  thick. 
These  were  used  in  the  flanged  coaxial  test 
fixture  for  shielding  measurements. 


Results 


sner  Fraction 


The  Meissner  fractior;  testing  was  performed  on 
three  composite  samples  and  on  the  powder  prior  to 
mixing.  The  YBCO  powder  consistently  showed  a 
large  Meissner  effect.  The  three  composites 
tested  were  the  10%  and  30%  samples  loaded  in  KEL- 
F  and  the  80%  sample  loaded  in  EVA.  The  two  KEL- 
F  samples  showed  no  Meissner  effect.  This  is 
probably  due  to  the  lack  of  sensitivity  in  the 
SQUID  and  not  due  to  the  high  processing 
temperature  of  the  KEL-F. 

The  EVA  sample  which  was  loaded  with  80% 
superconductive  powder  showed  a  large  Meissner 
effect  as  seen  in  Figure  2.  The  horizontal  scale 
is  in  *K  and  the  vertical  scale  is  in  arbitrary 
units. 


•\  jo  as  to  «  ios  i/o 
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Figure  2.  Meissner  Fraction  of  80 X  Loaded  EVA 


Magnetic  Shielding  Effectiveness 


The  magnetic  shielding  effectiveness  testing 
showed  no  shielding  from  any  of  the  composites. 
This  might  indicate  that  the  plastics  were  not 
loaded  heavily  enough  or  that  the  particles  were 
not  properly  aligned. 


The  shielding  test  on  the  monolithic 
superconductive  tubes  showed  better  than  60  dB  of 
shielding  in  some  frequency  ranges.  The  shielding 
from  10  Hz  to  20  kHz  is  shown  in  Figure  3. 
Shielding  is  in  decibels  and  the  horizontal 
frequency  scale  is  logarithmic.  Notice  that  the 
superconductor  provided  no  shielding  under  300  Hz. 


This  shows  that  the  field  strength  which  causes 
the  superconductor  to  become  non-shielding  is 
frequency  dependent.  Also  shown  in  Figure  3  is 
the  shielding  obtained  from  a  .048"  wall  copper 
pipe  and  a  .066"  wall  steel  pipe.  (These  two 
measurements  were  made  at  room  temperature.)  At 
this  input  power  level  the  noise  floor  is  around 
60  dB.  This  implies  that  the  shielding  is 
actually  better  than  60  dB  however  more  sensitive 
equipment  is  needed  to  determine  it. 


Figure  3.  Magnetic  Shielding  Effectiveness  for  Copper,  Cold  Rolled 
Steel  and  YBCO  Superconductor 


As  the  input  power  level  is  decreased,  the 
superconducting  tube  becomes  superconductive  at  a 
lower  frequency  as  seen  in  Figure  4. 
Unfortunately,  as  the  power  level  is  decreased, 
the  noise  floor  is  also  decreased  until  only  30  dB 
of  shielding  can  be  seen.  This,  again,  Is  not  to 
say  that  this  superconductive  shield  only  provides 
30  dB  of  shielding,  it  simply  says  the  equipment 
Is  limited  to  30  dB  at  this  input  power  level. 
Figures  3  and  4  show  the  test  results  of  a  single 
tube  of  YBCO.  Another  tube  has  been  tested  and 
similar  results  were  obtained. 


Figure  4.  Minimm  Magnetic  Shielding  of  YBCO  St^erconductor  In 
Different  Field  Strengths 
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Conclusion 


The  electromagnetic  shielding  measurements  showed 
no  shielding  from  any  of  the  composite  samples 
except  the  sample  loaded  with  70%  superconductor 
and  9%  carbon  black.  This  sample's  shielding 
effectiveness  is  shown  in  Figure  5.  This  meager 
12  d&  of  shielding  was  first  wrongfully  attributed 
to  the  carbon  black.  An  additional  sample  was 
loaded  exclusively  with  carbon  black  in  the  same 
percent  loading.  This  sample's  shielding 
effectiveness  was  measured  in  liquid  nitrogen  and 
only  1  dB  of  shielding  was  seen.  A  large  change 
in  shielding  was  also  seen  when  the  70% 
superconductive  and  9%  carbon  black  sample  was 
cooled  past  its  critical  temperature.  This  also 
indicates  superconductive  shielding. 


Figure  5-  Shielding  Effectiveness  of  *  Sanple  of  EVA  Loaded  with 
70%  Superconductive  Powder  and  9%  Carbon  Black 


The  pure  YBCO  tape  cast  sample  was  extremely 
difficult  to  mount  in  the  flanged  coaxial  test 
fixture.  Part  of  the  mounting  problem  was  due  to 
the  brittle  nature  of  the  superconductor.  This 
problem  is  accentuated  by  the  thinness  of  the 
sample.  The  other  part  of  the  mounting  problem 
stems  from  the  curved  shape  which  the  tape  cast 
sample  forms  after  firing.  Because  of  this  lack 
of  "flatness"  only  an  approximate  shielding 
effectiveness  measurement  was  attempted.  This 
approximate  method  used  a  spacer  ring  to  keep  the 
flanges  of  the  test  fixture  from  crushing  the 
sample.  Unfortunately,  the  tape  cast  sample 
mounted  in  this  manner  showed  no  shielding.  This 
result  was  somewhat  unexpected  given  the 
relatively  large  amount  of  shielding  seen  by  the 
magnetic  shielding  test  fixture.  Further  work  is 
presently  being  pursued  to  evaluate  this  apparent 
anomaly. 


The  monolithic  YBCO  superconductors  provide  a 
large  amount  of  magnetic  shielding.  By  weight  or 
volume  they  provide  more  shielding  than  copper  or 
cold  rolled  steel.  The  lack  of  electromagnetic 
shielding  from  the  tape  cast  samples  is  as  „t  y«t 
unexplainable.  Thicker  test  samples  might  allow 
direct  mounting  of  the  sample  thus  elimiiating  one 
source  of  error.  There  appears  to  oe  several 
problems  with  superconductive  shields.  One 
problem  is  the  small  critical  magnetic  field  which 
the  YBCO  superconductors  appear  to  have.  Other 
problems  include  extreme  brittleness  and  low 
critical  temperatures.  Shielding  from  composites 
with  YBCO  needs  more  development  but  should  not  be 
ruled  out  as  a  possible  shielding  material  for  the 
future. 


The  authors  gratefully  acknowledge  Dave  Johnson 
for  his  expertise  in  the  manufacturing  of  the  NBS 
test  fixture.  The  work  was  supported  by  the  U.S. 
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ELECTROMAGNETIC  PROTECTION  OF  BURIED  TELECOMMUNICATIONS  CABLES 
BY  USE  OF  A  CONDUCTIVE  SHEATH 


Jeor.-Vves  uGCLoi  A  Dominique  BERTIER 
ACOME,  50140  MORTAIN,  FRANCE 


SUMMARY 

This  paper  describes  a  cable  sheathing  material 
suitable  for  used  ori  buried  telecommunications 
cables  that  maintains  a  low  resistance  to 
ground  without  sacrificing  necessary  mechanical 
properties. 

Also  developed  is  a  conductive  jelly  filling 
compound  to  provide  a  low  resistance  path 
between  the  metallic  shielding  materials  and 
the  conductive  jacket. 

These  materials  have  been  extensively  tested  to 
confirm  that  the  properties  sought  in  the 
development  endure  in  field  installations. 

A  5-year  test  program  in  direct  earth  burial 
and  a  6-months  salt  water  immersion  test  have 
been  passed  successfully. 

Cables  have  been  manufactured  using  these 
conductive  jackets  and  are  in  service  on  the 
French  National  Railways  System  where  high 
circulating  currents  may  be  induced. 


INTRODUCTION: 

Buried  cables  often  have  metallic  armor  which 
provides  good  mechanical  protection  while 
being  installed.  A  polymeric  sheath  applied 
over  the  armor  prevents  corrosion  of  the  armor 
and  also  isolates  it  electrically  from  the 
earth.  If  induction  effects  occur,  induced 
currents  are  produced  within  the  metallic 
screens.  Depending  on  the  strength  of  the 
magnetic  field  in  which  the  cables  are  located, 
very  high  potentials  between  screens  and  earth 
may  appear  and  sometimes  destroy  the  sheath 
by  dielectric  breakdown.  Also,  these  high 
induced  voltages  can  be  dangerous  to  the 
personnel  working  on  the  cable  system. 

This  phenomenon  is  very  well  known  and  became  of 
more  concern  when  the  French  highspeed  railways 
were  installed.  Signal  cables  and  telecom¬ 
munications  cables  are  buried  near  the  rails 
and  are  parallel  to  the  very  high  current 
power  lines  for  long  distances.  Electric 
faults  on  these  lines  e.g.,  current  surges, 
short  circuits,  train  starting,  etc.  create 
high  magnetic  fields  (typically  from 
10  to  500  A/m)  including  electromagnetic 
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effects  on  these  cables. 

These  problems  may  be  avoided  by  minimizing  the 
current  circulating  on  the  screens  and  the  wires. 

The  first  solution  consists  in  grounding  the 
metallic  screens  at  regular  intervals  along  the 
line  (at  about  every  mile).  When  the  grounding 
is  of  good  and  stable  quality  «5  ohms)  a 
solution  to  the  noise  appearing  on  the  lines  is 
the  use  of  cables  with  reducing  coefficient  in 
which  the  shielding  is  acting  as  a  lowering 
transformer  for  the  wires.  This  perfect 
grounding  is  generally  very  hard  to  obtain. 

(Ref.  1) 

Another  well  known  solution  that  has  not  been 
widely  used,  is  to  keep  the  cable  and  the  earth 
at  the  same  potential  through  a  good  shield  to 
earth  continuity. 

Many  problems  have  to  be  solved  when  using  this 
second  approach: 


...A  semi-conductive  jacket  has  to  be  used  to 
protect  the  shielding  against  corrosion,  its 
resistivity  being,  at  most,  equal  to  the  re¬ 
sistivity  of  an  average  soil  (10  to  1000  ohm. 
meter) . 


...The  conductive  properties  must  not  be  affected 
by  current  circulation.  The  jacket  should  be 
electrochemical ly  stable. 


...While  the  lowering  of  the  electrical  re¬ 
sistivity  may  be  achieved  by  use  of  a  high  per¬ 
centage  of  carbon  black  (Figure  1),  these  high 
concentrations  lower  the  mechanical  properties 
(Figure  2)  and  increase  the  melt  viscosity  to  the 
point  that  extrusion  becomes  impossible  on 
standard  equipment  (Figure  3)  (Ref.  2). 


...With  most  standard  commercial  grades  of  carbon 
black,  concentrations  of  above  30%  are  required 
before  the  resistivity  can  be  lowered  below 
10  ohms  per  meter. 


...Similar  observations  have  been  made  when 
trying  to  formulate  semi-conductive  jelly;  the 
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higher  the  concentration  of  carbon  black,  the 
higher  the  viscosity. 

These  problems  have  been  overcome  as  a  result 
of  this  development. 

MATFR1AI  S  OFVFI  OPMFNT : 

This  project  was  undertaken  with  the  following 
principal  aims. 

1.  Development  of  a  jacketing  material 
meeting  the  requirement  of  a  conven¬ 
tional  sheathing  compound;  specif ical ly: 

a.  Having  low  resistivity,  below 
10  ohm.  meter. 

b.  Having  tensile  strength  at  break 
greater  than  18MPa. 

c.  Elongation  at  break  over  400%. 

d.  Being  easy  to  extrude. 

2.  Maintain  these  essential  characteristics 
in  the  jacket  compound  through  the  use  of 
a  low  percentage  of  a  carbon  black 
additive,  thus  avoiding  the  deleterious 
effects  on  physical  properties  observed 
when  high  concentrations  are  employed. 

lo  accomplish  this,  ACOME  in  cooperation  with 
the  French  company  TOTAL,  identified  a  family  of 
carbon  blacks  that  could  be  used  in  concen¬ 
trations  of  less  than  10%  and  still  achieve 
the  low  resistivity  required  to  accomplish  the 
objectives. 

In  addition  to  locating  the  preferred  carbon 
blacks,  the  processing  problems  of  assuring 
even  dispersion  of  this  reduced  percentage  of 
material  withing  the  polymeric  matrix  was 
solved. 

Materials  with  reproducible  characteristics 
have  been  developed  for  both  semi-conductive 
jacketing  compounds  and  semi-conductive  jelly 
f i 1  ling  compounds. 

Table  1  contains  the  material  characteristics 
obtained  with  these  new  compounds  as  compared 
to  the  requirements  of  the  French  telecommuni¬ 
cations  cable  standards  for  jacketing  materials. 

Table  2  displays  the  principal  characteristics 
of  the  semi-conductive  jelly  filling  compound. 

ELECTROCHEMICAL  RESULTS: 

The  objective  of  this  study  was  to  check  the 
stability  of  electrical  properties  of  these  new 
compounds  while  conducting  an  electrical  current. 
The  experimental  device  used  is  schematically 
described  in  Figure  4. 

Polarization  curves  of  studied  samples  are  drawn 
versus  a  saturated  calomel  electrode  (S.  C.  E.) 
which  is  the  reference  electrode,  the  pH  of  the 
KC1  solution  was  maintained  between  pH  =  2  and 
pH  =  13.  First  we  wanted  to  know  the  electro¬ 
chemical  behavior  of  the  carbon  blacks  used  and 


especially  XE2  electrode  and  a  platinum  electrode 
in  a  0.1  M  KC1  solution  of  pH  7.  The  result  is 
shown  in  Figure  5. 

The  electrochemical  window  of  XE2  carbon  black 
extends  from  -1.5V  to  +1.5V  versus  the  S.  C.  E. 
in  this  region  no  electronic  exchanges  can  occ'"" 
between  carbon  black  and  the  solution  (Current 
density  is  0  A/m2)  so  XE2  carbon  black  can 
neither  be  reduced  or  oxidized.  This  window  is 
larger  than  the  platinum  one  ( - 1 . 1 V  to  1.4V 
versus  S.  C.  E.). 

Figure  6  represents  relative  positions  of  XE  2 
polarization  curves  for  different  pH  of  the 
sol ution. 

In  the  reduction  region  (negative  voltages), 
these  curves  shift  towards  negative  potentials 
as  pH  of  the  aqueous  solution  in-reases  from 
pH  =  2.  The  current  observed  in  this  region  is 
due  to  the  H  0  ions  reduction  i.e.,  the  lower  use 
pH  is,  the  greater  the  H  0  ions  concentration 
in  the  carbon  black  electrode  vicinity  is. 

So  electronic  exchanges  between  H  0  and  elec¬ 
trode  are  easier  and  they  appear  at  low  negative 
potential  for  very  acid  pH. 

In  the  oxidation  domain  (positive  voltages),  it 
is  the  0  H  ions  oxidation  which  is  involved  to 
explain  the  current  observed.  With  an  inter¬ 
pretation  identical  to  that  described  below,  the 
polarization  curves  shift  towards  increasing 
potentials  as  the  pH  of  the  solution  decreases. 

This  study  shows  that  the  only  possible  oxydo- 
reduction  reactions  at  the  interface  between 
aqueous  solutions  and  XE2  carbon  black  are 
oxidation  or  reduction  of  water;  that  can 
occur  in  an  electrochemical  domain  more  extended 
than  the  platinum  one.  Also,  since  there  is  no 
noticeable  current  in  this  region,  XE2  carbon 
black  is  chemically  pure. 

Polarization  curves  of  semi-conductive  polyo¬ 
lefin  compounds  loaded  with  this  XE2  carbon 
black  have  been  established  and  a  typical 
curve  is  represented  in  Figure  7.  This  curve 
is  more  difficult  to  interpret  because  the 
conductivity  of  the  samples  was  too  low.  In 
this  condition  an  ohmic  component  due  to  a 
potential  gradient  inside  the  electrode  is 
added  to  the  polarization  characteristic. 

Even  so,  if  we  subtract  this  component,  it  seems 
that  the  semi-conductive  electrochemical  window 
is  larger  than  the  platinum  one. 

In  conclusion,  whatever  the  current  density 
passing  through  the  materials  is,  oxidation 
or  reduction  of  the  XE2  carbon  black  will  not  be 
possible  and  if  these  components  are  in  aqueous 
solution,  hydrolysis  of  water  will  be  observed. 

NOTE:  Any  trace  of  moisture  in  the  materials 
is  to  be  avoided  either  in  the  storage 
of  the  compounds  or  in  the  production 
process  especially  near  the  metallic 
screens.  A  study  was  done  on  the  water 
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of  carbon  black  loaded  polymers  (ref.  4). 
The  total  amount  of  water  absorbed  depends 
directly  on  the  carbon  black  concentration 
It  is  evident  that  having  as  low  a  concen¬ 
tration  of  carbon  black  as  possible  is 
absolutely  necessary  to  obtain  optimum 
electrical,, .mechanical  and, electrochem- 
icaily  stable  jacketing  lita-rials. 

RESULTS  ON  CABLE 


Cables  utilizing  these  newly  developed  materials 
were  manufactured  and  tested  to  confirm  the 
results  obtained  during  the  materials  evaluation 
phase.  Aging  tests  were  performed  on  buried 
cable  and  cable  immersed  in  salt  water  with  the 
results  reported  in  this  paper. 

Cable  Structure: 


Cables  of  28,  56  and  112  pairs  with  .6mm  copper 
wires  were  manufactured;  see  Figure  8.  The 
construction  is  as  follows: 

-  Ringed  aluminum  screen 

-  Semi -conductive  waterproof  jelly 

-  Intermediate  semi-conductive  polyo¬ 
lefin  jacket 

-  Serr,; -conductive  waterproof  jelly 

-  Two  steel  capes  anplied  helically  around 
the  cable 

-  Semi-conductive  waterproof  jelly 

-  Semi -conductive  polyolefin  sheath. 

Transverse  Resistivity 

The  transverse  resistivity  was  measured  as  this 
characterizes  the  grounding  efficiency  of  these 
cables.  An  argent  painting  metallic  contact 
is  applied  on  about  a  200mm  length  of  the  cable 
specimen.  Measurements  were  performed  according 
to  the  diagram  as  shown  in  Figure  9. 

The  resistance  was  measured  between  the  alum¬ 
inum  screen  and  the  argent  paint  contact.  Since 
the  cable  is  cylindrical,  the  following  formula 
was  used: 

p  =  2  rr - k -  .  Rx 


D  -2e) 

where  L  =  length  of  the  external  contact 
0  =  external  diameter  of  the  cable 
e  =  thickness  between  aluminum  screen 
and  external  contact 
R  =  transverse  resistance  measured 


Natural  variations  in  soil  conditions  fall  within 
the  same  general  intervals  of  resistivity. 

Accelerated  Aging  of  Cables  in  the  Laboratory 

Several  1.5  meter  long  cable  specimens  were 
immeised  in  salt  water  (40g  of  NaCI  per  liter  of 
water)  and  subjected  to  a  50hz  constant  alter¬ 
nating  current.  The  transverse  resistivity 
of  each  sample  has  been  monitored  by  measuring 
the  transverse  resistivity  between  the  aluminum 
screen  of  the  sample  and  an  aluminum  electrode 
in  salt  water. 

After  6  months  immersion  with  the  cables 
subjected  to  two  different  current  densities, 

5  A/m*  and  10  A/m*  the  resistance  has  remained 
stable  after  an  initial  decrease  in  the  first 
few  weeks.  Hydrolysis  of  the  water  was 
observed  during  the  entire  length  of  the 
experiment  (Figure  11). 

Moreover,  there  was  no  noticeable  corrosion  of 
the  metallic  shielding  materials  on  samples 
aged  for  24  weeks.  This  structure  is  stable 
and  waterproof  so  that  it  protects  the  screens 
from  corrosion  and  ensures  stable  electrical 
properties  of  the  shielding  even  for  current 
densities  up  to  10  A/m*. 

Cables  Buried  in  Earth 


A  sample  of  cable  approximately  50  meters  long 
was  buried  at  about  .«  meters  in  depth  in  soil 
of  about  300  ohm/meter  resistivity.  The  screens 
were  discharging  to  earth  with  a  cui  >nt  density 
of  .4-. 5  A/m*  (this  corresponds  to  a  total  amount 
of  2  amperes  flowing  to  the  earth  over  the  50 
meter  length).  The  earth  to  metallic  screen 
resistance  is  measured  with  a  tel lurohmeter  at 
regular  time  intervals.  The  results  are  plotted 
on  Figure  12.  Minor  variations  of  resistance 
around  a  mean  value  of  10  ohms  corresponds  to 
climatic  conditions,  particularly  the  amount 
of  moisture  in  the  earth. 


Earth  resistance  can  be  calculated  using  the 
formula  for  buried  cables: 


R  = 


rho 

L 


2L 
r  e 


-1) 


Where:  Rho  =  earth  resistivity  in  ohms/ 
meter 

L  =  length  of  the  buried  cable 
2r  =  metallic  screen  diameter 
e  =  depth  in  meters 


Because  of  the  multi-layer  construction  of  the 
cable  samples  tested,  there  are  many  different 
materials  of  different  conductivities  in  contact 
with  each  other.  Each  interface  presents  a 
contact  resistance  that  varies  according  to 
current  density  (Figure  10).  The  resistivity 
varies  from  70  ohm.  meter  to  700  ohm.  meter 
depending  on  current  density  and  cable  type. 
These  large  variations  are  due  to  manufacturing 
variables.  This  measurement  is  a  good  method 
to  determine  contact  quality  on  cables. 


The  earth  resistivity  (rho)  varies  with  the 
moisture  in  the  soil.  In  Figure  12,  resistance 
variations  are  represented  versus  earth 
resistivity  from  50  ohm.  meter  to  1000  ohm. 
meter  and  length.  This  resistance  tends  towards 
an"  asymptotic  value  below  1  ohm  for  a  1  KM  length 
and  a  300  ohm/meter  resistivity.  Moreover,  for  a 
50  meter  length  and  a  300  ohm/meter  resistivity, 
the  calculated  resistance  (10  ohms)  is  very  close 
to  that  measured  in  the  experiment. 
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In  conclusion,  after  this  5  years  of  aging,  the 
earth  resistance  of  buried  cables  remains  stable. 
There  is  no  significant  variation  of  either  the 
electrical  or  mechanical  properties  of  the  semi- 
conductive  materials  and  no  noticeable  corrosion 
of  the  aluminum  or  steel  screens.  Finally,  earth 
resistance  lelow  1  ohm  may  be  reached  even  when 
ground  resistivity  is  as  high  as  1000  ohm.. meter; 
this  value  being  very  difficult  to  obtain  with 
standard  grounds. 

CONCLUSION 

Electromagnetic  protection  of  telecommunications 
cables  needs  not  only  an  efficient  screen 
structure  but  also  low  resistance  earthing. 

This  latter  point  is  difficult  to  obtain  and 
continuous  grounding  through  a  conductive  jacket 
has  been  known  for  a  long  time  to  be  a  promising 
technique. 

Despite  this,  no  commercially  acceptable  products 
were  available  heretofore,  probably  due  to  the 
poor  mechanical  and  aging  properties  of  the 
carbon  filled  compounds. 

The  new  compounds  developed  by  ACOME  and  TOTAL 
overcome  these  difficulties  by  using  low  concen¬ 
trations  of  a  highly  conductive  carbon  black. 

In  addition,  these  compounds  achieve  the  same 
mechanical  properties  as  conventional  poly¬ 
ethylene  sheathing  materials.  The  long  term 
suitability  of  this  approach  has  been  confirmed 
hy  a  5  year  fieM  test  and  a  6  month  salt  water 
immersion. 

Larger  scale  tests  are  now  underway  with  both 
the  French  Railway  administration  (SNCF)  and 
French  Telecom,  the  PTT. 
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FIGURE  o  :MELT  FLOW  INDEX  FOR  DIFFERENT  TYPES  OF 
POLYETHYLENE  VERSvS  CARBON  BLACK  CONCENTRATION 

0.948  c-  0.945  d*=  0.940 

MI-25  gAlOmn  MI-10  g/lOmn  MI-20  q/IOmn 


M.1.20  (g/10  min) 


FIGURE  2  : MECHANICAL  PROPERTIES  FOR  DIFFERENT  TYPES 
OF  POLYETHYLENE  VERSUS  CARBON  BLACK  CONCENTRATION 
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FIGURE  4  :  EXPERIMENTAL  DEVICE  FOR  ELECTROCHEMICAL 
STUDY 
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FIGURE  5  :  POLARISATON  CURVES  COMPARISON  BETWEEN  FIGURE  7  :  POLARISATION  CURVES  OF  SEMI-CONDUCTIVE 

XE2  CARBON  BLACK  ELECTRODE  AND  PLATINUM  JACKETING  MATERIAL  AND  PLATINUM  ELECTRODE 

ELECiRODE  (O.IM  KCI  SOLUTION  pH=7)  (O.IM  KCI  SOLUTION  pH  =  7) 


*  CURRENT  DENSITY 

,  CURRENT  DENSITY  ,J  [  (A/m2) 

I  (A/rri)  . 
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FIGURE  C  :  POLARISATION  CURVES  OF  XE2  CARBON  BLACK 
ELECTRODE  VERSUS  pH  OF  AQUEOUS  SOLUTION 
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FIGURE  9  :  TRANSVERSE  RESISTIVITY  MEASUREMENT  DEVICE  FIGURE  1 1 :  SCREEN  TO  WATER  RESISTANCE 

VERSUS  TIME  FOR  CABLE  AGED  IN  SALT  WATER 


O  50  100  150  200  250 

TIME  (in  days) 


FIGURE  10  :  TRANSVERSE  ELECTRICAL  RESISTIVITY 
VERSUS  CURRENT  DENSITY 


FIGURE  12  :  EARTH  RESISTANCE  OF  A  CABLE  BURIED  (1  m  DEPTH) 
VERSUS  ITS  LENGTH  AND  EARTH  RESISTIVITY 
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ABSTRACT 

To  comply  with  International  Standards 
for  Indoor  Telephone  Exchanges,  cables 
must  be  manufactured  with  fire-resistant 
and  smoke  suppressant  materials.  The 
materials  used  at  present,  such  as  polye¬ 
thylene,  PVC  or  polypropylene  do  not 
possess  these  properties.  This  was  the 
reason  for  the  study  of  a  specially 
treated  polyurethane  which  would  possess 
the  property  of  antiinflammability  and 
at  the  same  time  display  high  flexibility. 

In  this  paper  the  properties  of  this 
thermoplastic  are  shown,  and  a  single¬ 
mode  one  fiber  cable  is  described.  Like¬ 
wise,  the  paper  shows  the  tests  carried 
out  for  the  qualification  of  the  cable. 

These  cables  can  also  be  joined,  if 
required,  to  optical  connectors  with 
insertion  losses  lower  than  0.1  dB. 


INTRODUCTION 

The  cables  designed  for  indoor  instal¬ 
lations  are  usually  cables  for  application 
in  short  and  medium  distances  such  as 
data  transmission  systems,  instrumenta¬ 
tion,  CATV  cables  and  terminals  for 
the  segregation  of  multi-fiber  cables 
and  connection  to  the  transmission  equip¬ 
ments.  Since  they  are  used  inside  build¬ 
ings,  they  must  meet  a  series  of  special 
requirements . 

These  special  properties  required  by 
the  different  Administrations  refer 
to  the  requirements  which  the  cable 
must  meet  concerning  flammability  and 
the  low-toxicity  of  gases  given  off 
when  burning. 

After  profound  studies  the  use  of  a 
specially  treated  polyurethane,  possessing 
f lame-retardance,  was  decided  upon. 

First  the  raw  material  was  studied. 
Its  mechanical  properties:  tensile 
strength  at  break,  elongation  at  break. 


abrasion  resistance,  hardness,  bending 
test  at  low  temperature,  cracking  resis¬ 
tance,  hot  temperature  deformation: 
its  mechanical  properties  after  submission 
to  an  accelerated  ageing  resistance 
to  ultraviolet  radiation,  resistance 
to  hydrolysis,  electrical  characteristics, 
thermal  and  flame  behavior. 

Then,  a  cable.  Figure  1,  having  good 
transmission,  properties  was  designed. 
Finally,  it  was  manufactured. 

After  carrying  out  these  steps,  the 
parameters  of  the  said  cable  were  studied 
in  detail:  mechanical,  electrical  and 
thermal  properties  of  the  finished  cable 
and,  of  course,  its  transmission  features. 


Figure  1 

TESTS  ON  POLYURETHANE  FOR  JACKETINGS 

The  material  used  for  sheathing  the 
terminating  cables  was  flame-retardant, 
thermoplastic  and  elastomeric  polyure- 
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thane.  It  is  one  of  the  so  called  "lineal 
polyurethanes"  and  is  a  result  of  the 
reaction  between  aliphatic  diisocianates 
and  aliphatic  glycols. 

The  group  of  lineal  polyurethanes  contains 
both  non-crosslinking  and  partial  cross- 
linking  polyurethanes.  For  the  design 
and  manufacture  of  the  terminal  cable 
a  virtually  non-crosslinking  polyurethane 
was  used. 

We  would  also  like  to  point  out  that 
the  manufacturers  of  this  polyurethane 
use  a  special  treatment  so  as  to  convert 
it  into  a  flame-retardant  material  with 
a  low  content  of  halogens. 


MECHANICAL,  THERMIC  AND  ELECTRIC  PROPERTY 
TESTS 

In  order  to  carry  out  the  study  of  the 
properties  of  the  above  mentioned  ma¬ 
terial,  the  raw  material,  in  pellets, 
underwent  treatment  with  a  laboratory 
mill  and  press.  From  the  strips  obtained 
in  this  way  we  got  the  test  pieces  we 
needed.  The  mechanical  properties  studied 
are  as  follows: 


1.  Tensile  strength  at  break. 

The  test  was  carried  out  following  the 
ASTM  D  638  Norm,  the  test  temperature 
was  23  +  2°C  with  50  _+  5  %  relative 

humidity. 

2 .  Elongation  at  yield  anu  elongation 
at  break. 

Tests  were  made  according  to  ASTM  D 
638,  at  the  same  temperature  and  relative 
humidity  as  in  Test  1 . 

3.  Environmental  stress  cracking. 

Test  was  carried  out  following  ASTM 
D  1693.  The  active  agent  used  in  this 
test  was  Igepal  Co  630  at  10  %  in  water. 
The  test  temperature  was  50  +  0.5°C. 

4.  Abrasion  resistance. 

The  method  followed  was  that  of  ASTM 
D  1242  Method  A:  Loose  Abrasive. 


5.  Density. 

The  density  was  determined  by  the  density 
gradient  technique,  and  followed  the 
ASTM  D  1505  Norm.  The  gradient  column 
was  made  with  a  mixture  of  water  and 
calcium  nitrate.  The  temperature  was 
23  +  0 . 1°C . 


6.  Bending  test  at  low  temperature. 

The  B.S.  6469  Norm  was  followed.  The 
test  temperature  was  -20  +  20C  for  a 

period  of  two  hours. 


7.  Hot  deformation  test. 

The  test  was  carried  out  in  accordance 
with  B.S.  6469,  and  on  a  1.25  _+  0.15 

mm  thick  strip.  The  material  was  kept 

at  a  temperature  of  120  +  l^C  for  an 

hour.  Then,  without  taking  it  out  of 

the  climatic  cabinet,  a  500  gramme  perpen¬ 
dicular  load  was  applied  and  kept  on 
it,  at  the  temperature  mentioned  above, 
for  an  hour. 


8.  Brittleness  temperature  by  impact. 

In  accordance  with  ASTM  D  746. 


9.  Dielectric  constant  and  tag  oc  . 

The  test  was  made  following  liquid  dis¬ 
placement  procedure  as  per  ASTM  D  1531. 


10.  Volume  resistivity. 

As  per  the  Electrode  Systems  Method 
of  ASTM  D  257  Norm. 


The  results  of  these  tests,  made  on 
10  test  pieces,  displayed  the  average 
values  shown  in  Table  1. 


FLAME  BEHAVIOR  TEST 

The  manufacturers  of  this  polyurethane 
achieved  its  special  behavior  by  adding 
a  compound  mixture  to  it.  Some  of  these 
additives  include  halogenated  hydrocarbon 
and  antimony  trioxide.  According  to 
the  manufacturers  of  the  material  the 
concentration  of  the  antimony  trioxide 
is  higher  than  1%  and  the  concentration 
of  chlorides  is  less  than  10%. 

The  LOI  of  the  polyurethane  was  also 
studied,  in  other  words,  the  minimum 
oxygen  concentration  to  support  candle¬ 
like  combustion,  as  per  the  ASTM  D  2863 
method.  The  value  obtained  was  31.5%. 

So  as  to  carry  out  a  more  detailed  study 
of  its  behavior  when  faced  with  a  flame 
we  carried  out  the  tests  in  accordance 
with  ASTM  D  1929  and  we  obtained  the 
flash  ignition  temperature  values  and 
self-ignition  temperature. 
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The  flash  ignition  temperature  which 
is  the  lowest  initial  temperature  of 
air  passing  around  the  specimen  at  which 
a  sufficient  amount  of  combustible  gas 
is  evolved  to  be  ignited  by  a  smaller 
external  pilot  flame,  is  of  about  300QC 
for  this  type  of  polyurethane. 

The  self-ignition  temperature  is  about 
320QC.  By  self-ignition  temperature 
we  mean  the  lowest  initial  temperature 
of  air  passing  around  the  specimen  at 
which,  in  the  absence  of  an  ignition 
source,  the  self-heating  properties 
of  the  specimen  lead  to  ignition. 

TABLE  1 

TEST  VALBKS  OF  MECHANICAL 
THERMIC  AND  ELECTRIC  PROPERTIES 


HARDNESS 


Graphic  1:  THERMAL  AGEING 


PROPERTY 

UNIT 

AVERAGE  VALUE 
OBTAINED 

Tensile  strength  at  break 

kg/cm2 

290 

Elongation  at  break 

X 

625 

Modulus  of  Young 

kg/cm2 

55 

Environmental  stress  crack¬ 
ing 

F/10 

0/10 

Resistance  to  abrasion 

cm^ 

0.058 

Density 

g/cm3 

1.24 

Bending  test  at  low  tempera 
ture 

F/10 

0/10 

Hot  deformation  test 

X 

2 

Brittleness  temperature  by 
impact 

BC 

-68 

Dielectric  constant 

- 

5.63 

Tag  OC 

- 

0.029 

Volume  resistivity 

ohm . cm 

o 

o 

—4 

THERMAL  AGEING 

The  material  underwent  the  following 
treatment:  kept  in  a  hot  chamber  with 
air  conditioning  at  70=C  for  four  weeks. 
Some  test  pieces  were  measured  after 
a  week's  treatment  and  at  the  end  of 
the  cycle. 

The  variations  observed  in  the  above 
mentioned  properties  of  the  material 
are  shown  in  Graphics  1,  2  and  3. 

HYDROLISIS  RESISTANCE 


TENSILE 
STRENGTH 
AT  BREAK 


TIME  (  WEEKS  > 


Graphic  2:  THERMAL  AGEING 


ELONGATION 
AT  BREAK 


l 

57o\ - . - - 

I  4 


The  polyurethane  also  underwent  hydrolisis 
ageing.  The  material  was  kept  in  water 
at  702C  for  four  weeks.  The  variations 
in  mechanical  properties  (tensile  strength 
at  break,  elongation,  hardness)  were 
studied . 


TIME  (WEEKS) 


Graphic  3:  THERMAL  AGEING 
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LIGHTAGEING 


Samples  were  taken  at  the  end  of  the 
first  week,  also  at  the  end  of  the  second 
week  and  finally  at  the  end  of  the  cycle. 
The  results  can  be  seen  in  Graphics 
4 ,  5  and  6 . 

HARDNESS 


Graphic  4:  HYDROLISIS  RESISTANCE 

TENSILE 
STRENGTH 
AT  BREAK 


Graphic  5:  HYDROLISIS  RESISTANCE 


elongation 

AT  BREr... 


Graphic  6:  HYDROLISIS  RESISTANCE 


The  same  as  in  the  last  two  tests  strips 
of  polyurethane  pigmented  with  special 
masterbatches  for  polyurthane  were  used. 
These  strips  underwent  an  Xenotest  for 
200  hours. 

The  masterbatches  used  for  the  test 
pieces  were  the  same  as  those  which 
were  afterwards  used  for  cable  manufac¬ 
ture. 

The  colour  of  the  test  pieces  suffered 
hardly  any  change. 

As  regards  the  mechanical  properties, 
the  variation  which  they  displayed  are 
those  shown  in  Graphics  7,  8  and  9. 


HARDNESS 


Graphic  7:  LIGHT  AGEING 


TENSILE 
STRENGTH 
AT  BREAK 


Graphic  8:  LIGHT  AGEING 
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ELONGATION 
AT  BREAK 


Graphic  9:  LIGHT  AGEING 


CONCLUSIONS 


In  view  of  the  results  shown,  we  can 
report  that  flame-retardant  polyurethane 
is  an  ideal  material  for  optical  fiber 
indoor  cables  where  suitable  non-inflam¬ 
mable  materials  are  required.  The  pro¬ 
cessability  of  this  material,  as  well 
as  its  low  financial  cost  make  it  feasible 
for  optical-fiber  cable  manufacturers. 

Although  the  studies  were  made  on  monomode 
fiber,  no  problem  would  be  attached 
to  using  any  other  type  of  fiber,  both 
monomode  and  multimode. 

Of  course,  neither  is  there  any  problem 
attached  to  joining  any  optical  connectors 
which  may  be  required. 


CABLE  CONSTRUCTION 

The  polyurethane  studied  was  used  for 
coating  the  monofiber  cable  described 
in  Figures  2  and  3,  the  properties  of 
which  are  shown  in  Table  2. 


Figure  2  and  3: 

1.  Optical  fiber 

2.  Nylon  coating 

3 .  Aramid  Yarns 

4 .  Polyurethane  jacket 
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TABLE  2 


CABLE  PROPERTIES 


PROPERTY 

UNIT 

AVERAGE 

VALUE 

OBTAINED 

Outer  diameter,  nominal 

mm 

3.0 

y  Weight 

kg/km 

8.0 

3  Bending  radius 

mm 

30.0 

Q  Tensile  load 

N 

300 

g  Operating  temperature 

QC 

20  to  +70 

Fiber  type 

Single 

-mode 

*  Diameters  core/clad 

urn 

10/125 

Attenuation 

W  i 

h  A  =  1300  nm 

dB/km 

0.5 

S  A  =  1550  nm 

dB/km 

0.3 

<  Cromatic  dispersion 

"  A  =  1285  at  1300  nm 

ps/km. nm 

3.5 

A  »  1550  nm 

ps/km. nm 

20.0 

Numerical  aperture 

- 

0.11 
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ABSTRACT 


With  the  advancement  of  •  the  nuclear  power 
industry,  the  construction  of  nuclear  fuel 
recycling  facilities  is  imperative.  Since 
nuclear  fuel  recycling  and  related  facilities 
contain  much  heavier  radiation  fields  than 
nuclear  power  plants,  the  cables  used  in  such 
facilities  require  extremely  high  radiation 
resistance.  To  meet  this  challenge,  we  have 
developed  a  new  flame-retardant  cable  that 
retains  sufficient  flexibility  even  after 
exposure  to  doses  of  10  MGy.  This  cable  uses,  as 
insulation,  flame-  retardant  ethylene-propylene 
rubber  which  exhibits  improved  radiation 
resistance  owing  to  special  anti-  radiation 
coagents.  Further,  it  employs,  as  a  sheath 
material,  exceedingly  radiation-resistant  special 
thermoplastic  urethane  elastomer  that  has  been 
modified  through  the  addition  of  flame  retardants 
and  anti-radiation  coagents. 


INTRODUCTION 


Nuclear  fuel  recycling  and  related 
facilities  including  radioactive  waste  disposal 
plants  contain  extremely  heavy  radioactive 
fields,  so  that  high  radiation  resistance  is 
required  of  systems  and  components  used  there. 
At  present,  the  flame-  retardant  cables  used  in 
nuclear  power  plants  are  designed  to  maintain 
their  ability  to  resist  r-  irradiation  of  up  to  2 
MGy  in  terms  of  absorbed  dose.  Main  materials  of 
such  cables,  such  as  ethylene-  propylene  rubber 
(for  insulation),  chloroprene  and 
chlorosulfonated  polyethylene  (for  sheathes) 
are  degraded  beyond  use  when  exposed  to  radiation 
doses  of  more  than  2  MGy.  To  overcome  the 
disadvantages  of  these  materials,  we  have  not 
only  improved  the  radiation  resistance  of 
ethylene  propylene  rubber  by  the  addition  of  an 
anti-radiation  coagent,  but  also  selected  a 
special  urethane  polymer  as  a  sheath  material  in 
developing  a  super  radiation-resistant  cable.  It 
is  flame  retardant  and  retains  sufficient 
flexibility  even  after  exposure  to  doses  as  high 
as  10  MGy. 

This  paper  discusses  the  radiation 
resistance  of  different  cable  materials  that  have 
been  screened  to  develop  this  cable  and  the 
effect  of  anti-radiation  coagents  used.  Various 
tests  including  flexibility  were  also  conducted 


to  obtain  corroborative  evidence  that  this  cable 
provides  reliable  service  under  various 
environmental  conditions. 


SELECTION  OF  MATERIALS 


Base  Polymers 

With  the  increasing  complexity  of  cable 
function,  polymers  as  basic  components  of  cables 
come  in  a  great  variety  of  kinds.  Since  the 
radiation  resistance  of  these  polymers  depends 
largely  on  their  chemical  structures,  much  work 
has  been  done  concerning  this  subject  of  inquiry. 
As  a  result,  acceptable  radiation  doses  for 
materials  commonly  used  in  such  applications  have 
been  suggested  Fig.  1  shows  typical  examples 
of  such  materials.  As  is  clear  from  Fig.  1, 
ethylene-  propylene  rubber  (EPR),  chloroprene 
(CR),  and  chlorosulfonated  polyethylene  (CSM), 
currently  used  in  cables  for  nuclear  power 
plants,  show  relatively  high  radiation 
resistance.  In  order  to  select  the  base  polymer 
for  cables  used  in  such  places  that  have  higher 
radiation  hazards  than  conventional  nuclear  power 
plants  do,  typical  polymer  materials  were 
investigated  for  radiation  resistance.  Seven 
kinds  of  polymers  were  tested  for  radiation 
resistance:  CD  cross-linked  polyethylene  (XLPE) 
and  ©  EPR  for  insulation,  and  @  CSM,  <3.) 
thermoplastic  urethane  A  (TPU-A),  ©  TPU-B,  ® 
styrene  butadiene  rubber  (SBR) ,  and  ©  acrylic 
rubber  (AR)  for  sheathes. 


Polylmide(Kapton) 
Polyurethane  rubber 
EPR 

PE, XLPE 
Hypalon 
Flame  ret . EPDM 
EVA 

Polychloroprene 

PVC 

Silicone 
Butyl  rubber 


DOSE  IN  GRAY 


1  o'3  io4  io5  io6  107l'o8 


USEFUL  RANG# 


,USE  NOT  RECOMMENDE 


Fig.l  General  relative  radiation  effects. 
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Specimens  of  these  materials  were  pressed  to 
a  sheet  1  mm  thick,  and  tensile  tests  were 
carried  out  after  irradiation  with  r-rays  of 
cobalt  60  in  the  air.  Fig.  2  indicates  the  test 
results,  along  with  total  doses  computed,  with  a 
dose  rate  of  about  15  KGy/h.  ElEo  in  Fig.  2  is 
the  ratio  of  post-irradiation  elongation  ( E )  to 
original  elongation  ( Eo )  The  results  indicate 
that  the  materials  which  can  be  used  at  severe 
radiation  doses  as  high  as  10  MGy  are  EPR  and  TPU 
only.  It  was  also  found  that  the  radiation 
resistance  of  TPU  varies  substantially  with  its 
polymer  structure.  This  finding  suggests  that  a 
slight  modification  of  the  polymer  structure 
could  have  a  considerable  effect  on  the  radiation 
resistance  of  materials. 


Anti-radiation  Coagent 

As  mentioned  above,  EPR  and  TPU  which  have 
.superior  radiation  resistance  to  other  kinds  of 
cable  materials  are  considered  suitable  for 
insulation  and  sheath  materials,  respectively. 
EPR  retains  the  mechanical  properties  adequate  to 
actual  service  even  after  the  irradiation  of  10 
MGy.  It  has  20%  retention  to  original  elongation 
(70%  as  an  absolute  value)  and  10%  retention  (35% 
ditto)  at  doses  of  6  MGy  and  10  MGy, 
respectively.  However,  if  EPR  is  to  be  used  as  a 
cable  component,  its  radiation  resistance  must  be 
improved  further.  To  achieve  this  objective,  we 
attempted  to  improve  the  properties  through  the 
addition  of  anti-  radiation  coagents  to  EPR,  a 
base  polymer.  For  purposes  of  comparison,  the 
effect  on  XLPE  as  a  base  polymer  was  also 
investigated.  Four  types  of  anti-radiation 
coagents  were  used:  i.e.,  A- 1 )  Amine  antioxidant 
-1;  A-2)  Amine  antioxidant  -2;  B)  Benzophenor,  UV 
absorption  coagent;  and  C)  Benzotriazol  UV 
absorption  coagent.  After  irradiation  at  given 
doses,  specimens  with  these  anti-radiation 
coagents  were  subjected  to  tensile  tests.  The 
test  results  are  presented  in  Fig.  3  and  Fig.  4. 
These  figures  indicate  that  the  addition  of  anti- 
radiation  coagents  will  help  moderate  the 


tendency  toward  declines  in  percent  elongation 
for  both  base  polymers.  The  EPR  has  less 
reduction  in  percent  elongation.  This  may  be 
explained  by  the  difference  in  radiation 
sensitivity  between  the  base  polymers  themselves. 
The  anti-radiation  effect  was  more  pronounced 
when  EPR  was  used  as  a  base  material,  and  the 
specimens  added  with  a  UV  absorption  coagent  had 
the  percent  elongation  about  twice  obtained  with 
no  UV  absorption  coagent  or  with  the  addition  of 
an  antioxidant. 


Fig. 3  Anti-Rad  effect  on  elongation  of  EPR 


Fig. 4  Anti-Rad  effect  on  elongation  of 
XLPE. 

It  has  been  known  that  much  of  degradation 
of  a  polymer  by  radiation  is  accounted  for  by 
oxidation  l3'.  In  other  words,  when  a  polymer 
absorbs  energy  from  radiation,  oxidation  occurs 
of  itself,  giving  rise  to  alkyl-radicals  and 
peroxi-radicals .  These  radicals  act  on  the 
polymer  in  forming  hydroperoxide.  The 
hydroperoxide  is  decomposed  to  peroxi-radical  and 
oxiradical  again,  thus  promoting  the  degradation 
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of  the  polymer.  Attempts  were  made  in  the  present 
study  to  select  suitable  kinds  of  anti-radiation 
coagents  from  the  standpoint  of  degradation 
prevention  and  energy  absorption.  The  UV 
absorbing  coagent  exerts  a  greater  effect  than 
the  antioxidant  types,  as  shown  in  Fig.  3.  The 
basic  function  of  antioxidant  is  to  capture 
active  radicals,  as  shown  in  Eq.  (1),  thus 
providing  the  stability  for  auto-oxidation.  On 
the  other  hand,  the  UV  absorbing  coagent  absorbs 
energy  of  radiation  rays  through  ring  formation 
and  releases  it  as  heat  energy,  as  shown  in  Eq. 
(2)  Furthermore,  the  UV  absorbing  coagent  helps 
decompose  the  peroxide  to  a  more  stable  form. 
The  results  of  the  present  study  suggest  that  the 
energy  absorption  due  to  the  aromatic  structure 
by  the  UV  absorbing  coagent  is  more  effective 
than  the  stabilization  resulting  from  radical 
capture  by  the  antioxidant.  It  should  also  be 
noted  that  whereas  some  anti-rads  of  the 
antioxidant  type  affected  the  degree  of 
crosslinking  and  the  electrical  properties,  the 
UV  absorbing  type  was  found  having  virtually  no 
adverse  effect  on  the  physical  properties. 

R' +  XH (AO* l  —  RH  +  I  (Non  active)  _ 

ROO*  +  IH  —  ROOH  +  I  (Non  active)  1  ’ 

*  Anti-oxidant 


TABLE  1  Initial  properties  of  materials 
for  sheath. 
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TPU  A 

FR-TPU 

Tensile  strengh 

kgf/mmL 

6.4 

3 . 2 

Elongat ion 

% 

430 

430 

Hardness(A  type) 

82 

83 

Oxygen  Index 

- 

22 

31 

2  00 


CABLE  DESIGN 

Component  Materials 

Insulation  and  Sheath  Materials  As  is  clear 
from  the  discussion  above,  it  was  found  that  EPR 
and  TPU-A  are  suitable  as  base  polymers  for 
insulation  and  sheath,  respectively  and  an  anti¬ 
radiation  coagent  of  the  UV  absorption  type  is 
ideal  for  obtaining  excellent  radiation 
resistance.  When  it  comes  to  cable  component 
materials,  flame  retardancy  is  no  less  essential 
than  physical  properties  and  radiation 
resistance.  Since  the  oxygen  index  of  TPU-A  is 
22,  it  still  needs  to  have  a  much  higher  degree 
of  flame  retardancy  to  be  an  ideal  material  for  a 
cable  sheath.  Commonly  used  flame  retardants 
are  not  well  miscible  with  TPU,  thus  posing  such 
problems  as  improper  dispersion,  blooming,  poor 
physical  properties  and  low  radiation  resistance. 
As  a  result  of  our  research,  we  have  improved  the 
flame  retardancy  of  TPU  (FR-TPU)  without  any 
compromise  in  physical  or  an t i-rad ia t ion 
properties.  Table  1  and  Fig.  5  show  its  initial 
properties  and  radiation  resistance 
characteristics,  respectively. 


Fig. 5  Dose  effects  on  mechanical  properties. 


Other  Components  In  order  to  improve  the 
radiation  resistance  of  a  cable,  not  only 
insulation  and  sheath  materials  but  also  other 
materials  such  as  binder  tapes,  fillers,  and 
reinforcing  tapes  should  be  taken  into  account. 
For  purposes  of  testing,  the  materials  which  are 
known  to  have  good  radiation  resistance  were 
selected  to  determine  the  effect  of  irradiation. 
Table  2  snows  the  test  results. 

Test  Cable 

The  test  cable  was  made  using  the  most 
suitable  materials  in  terms  of  radiation 
resistance  and  flexibility.  Fig.  6  and  Table  3 
show  a  typical  construction  of  the  test  cable  and 
its  initial  properties,  respectively. 
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TABLE  2  Radiation  effects  or  other  materials. 
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30 
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~ 

50 

50 

50 

Dose 

MG  v 

0 

6 

10 

0 

6 

10 

0 

6 

10 

0 

16 

10 

Tb 

kyf/'irai 

- 

- 

- 

9.5 

9.6 

8  6 

23  6 

22.5 

24.8 

3. 1 

1.6 

Tol 

Tb 

KI  f 

70.4 

"66lf1 

60.3 

- 

- 

- 

- 

- 

- 

- 

Eb 

O' 

20 

13.0 

16.  t 

TTT 

63.5 

95.3 

75  2 

|~29  5 

24. 7 

36.3 

~T7| 

2  3 

1  4 

Conductor 

Insulation 

Filler 
(Kevler ) 

Sheath 

(FR-TPU) 


Fig. 6  Construction  of  trial  cable. 


TABLE  3  Characteristics 

of  new 

cable . 

1  Conductor  resistance 

fi/km  1 

10  i 

1  Insulation  resistance 

MGkm 

500 

AC  voltage  test 

v/min . 

3000  OK 

Insulation 

Modulus  at  1003s 

kgf /mia 

0 . 23 

Tensile  strength 

kgf  /mnS 

0.59  [ 

Elongation  at  break 

35 

620 

AC  breakdown  test 

kv 

20 

Sheath 

i 

Modulus  at  10035 

kgf /mi 

0.23 

Tensile  strength 

kgf  /mi| 

0 . 59 

Elongation  at  break 

35 

620 

[  Hardness ( type  A) 

j 

80 

Brittleness  temp. 

*C 

-50 

EVALUATION  OF  TEST  CABLE 


Flame  Retardancv 

The  flame  resistance  test  was  performed  in 
accordance  with  IEEE  std.  383  using  a  vertical 
tray.  As  is  clear  from  Fig.  7  showing  the  test 
scene,  the  test  cable  exhibits  such  sufficient 
flame  resistance  that  it  meets  the  requirements 
in  the  IEEE  standards. 

Radiation  Resistance 

The  test  cable  was  wound  in  a  bundle  of  500 
mm  diameter,  and  irradiated  with  r-r ays  at  the 
specified  dose.  The  dose  rate  used  in  this  study 
was  8  KGy/h.  After  irradiation,  general  physical 
properties  and  flexibility  were  investigated.  No 
abnormality  was  observed  on  the  outer  surface 
after  irradiation  up  to  10  MGy. 


Fig. 7  Flame  test(IEEE  std. 383) 

Physical  Properties  in  General  After 
irradiation  with  r-rays  at  doses  of  2,  6,  and  10 
MGy,  the  test  cable  was  cut  into  test  pieces  to 
check  the  following  physical  properties. 

(1)  Tensile  strength  of  insulation  and  sheath 
(see  Fig.  8) 

(2)  Hardness  of  sheath  (Durometer  type  A)  (see 
Fig.  9) 

(3)  Short-term  AC  breakdown  test  (Fig.  10) 

(A)  Insulation  winding  test  (Fig.  11) 

As  is  obvious  from  the  findings  obtained  in 
these  tests,  although  the  tensile  elongation 
decreased  to  some  extent  with  increasing  dosage, 
the  sheath  hardness  and  the  AC.  breakdown  voltage 
showed  only  limited  change,  indicating  that  the 
cable  has  reasonably  good  properties.  In  the 
core  winding  test  cracks  occurred  in  winding  of  2 
and  2.5  times  core's  diameter  when  exposed  to 
doses  of  6  MGy  and  10  MGy,  respectively.  On  the 
other  hand,  in  the  cable  winding  test  when  wound 
around  the  mandrel  of  cable's  own  diameter,  the 
cable  remained  intact  after  exposure  to  10  MGy. 
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Fig. 8  Dose  effects  on  elongation  of  cable. 


Fig. 9  Dose  effect  on  hardness  of  sheath. 


Fig.  10  Dose  effect  on  AC  breakdown  voltage 
of  insulation. 


Fig.  11  Dose  effect  on  bending  diameter 
on  crack  of  insulation. 


Flexibility  Test  It  is  an  important 
consideration  that  a  cable  should  retain  its 
flexibility  after  irradiation  and  provide 
prolonged,  trouble-free  service  in  heavy 
radioactive  fields.  To  determine  the  flexibility 
of  a  cable,  the  following  three  kinds  of  bending 
tests  were  conducted. 

(1)  Bending  properties 

The  bending  test  was  performed  in  accordance 
with  JIS  C  3005  29,  then  the  test  cable  was 
carefully  examined  for  inception  of  any  cracks. 
Fig.  12  provides  the  outline  of  the  test.  In  this 
test,  the  mandrel  diameter  was  made  six  times 
larger  the  outer  diameter  of  a  cable.  This  is 
the  minimum  permissible  bending  radius  for  a 
mobile  cable.  The  bending  test  was  performed  on 
two  cables,  one  made  of  conventional  materials 
(i.e.,  EPR  as  insulation/urethane  as  sheath)  and 
another  made  of  improved  materials.  The  test 
results  are  presented  in  Fig.  13.  After 
irradiation  at  a  dose  of  6  MGy,  the  conventional 
cable  had  a  substantial  reduction  in  flexibility. 
The  newly  developed  cable,  by  contrast,  suffered 
no  loss  of  flexibility. 

(2)  U-bending  test 

In  this  test  the  cable  was  installed  on  the 
equipment  shown  in  Fig.  19,  and  bent  into  a  U- 
shape  by  moving  up  and  down  the  plate  on  the 
moving  side.  It  was  then  checked  for  failure  or 
cracks  in  its  sheath.  Fig.  15  shows  the  test 
results.  Unlike  the  conventional  cable,  the  new 
one  showed  no  loss  of  flexibility  after  exposure 
to  doses  of  up  to  6  MGy,  and  retained  sufficient 
flexibility  even  when  the  dose  was  increased  to 
10  MGy. 

(3)  Reel-bendine  test 

In  this  test  the  cable  was  installed  on  the 
equipment  shown  in  Fig.  16,  and  reel  winding  was 
simulated  over  the  small  reel  on  the  upper  part 
of  the  equipment  to  find  failure  or  cracks  in  its 
sheath.  Fig.  7  shows  the  test  results.  It 
should  be  noted  that  prior  to  this  reel-bending 
test  the  cable  was  subjected,  after  irradiation 
with  r-rays,  to  thermal  degradation  for  five  days 
at  105°C.  The  test  results  indicated  that  the 


International  Wire  &  Cable  Symposium  Proceedings  1988  47 


BENDING (Times )  BENDI NG ( Times ) 


cable  retained  sufficient  flexibility  even  under 
this  extremely  severe  conditions. 


Fig. 12  Method  of  Fig. 14  Method  of 

bending  test.  U-bending  test. 


Fig. 16  Method  of  reel  bending  test. 


Fig. 13  Bending  test.  Fig. 17  Reel  bending  test. 


in' 


1  0 


2  4  6  810 

DOSE(MGy) 


Fig. 15  U-bending  test. 


Environmental  Properties 

In  order  to  investigate  potential  | 

application  of  this  cable  in  light  water  reactor 
(LWR)  power  plants,  environmental  tests  were 
performed  using  the  profile  shown  in  Fig.  18. 

Fig.  19  shows  the  scene  of  the  LOCA  (loss  of 

coolant  accident)  simulation  test  that  is  in  the 

final  phase  in  the  environmental  test.  The 

voltage  endurance  test  was  performed  at  the  last 

stage  of  this  test.  After  the  cable  was  mounted  I 

on  the  mandrel,  the  specified  voltage  (2C90  V) 

was  applied  in  the  water  bath.  Although  slight 

damage  such  as  swelling  was  found  on  the  sheath, 

the  cable  withstood  this  voltage  stress,  showing 

no  damage  on  its  insulation  layer.  It  is 

therefore  suggested  that  it  can  be  used  for 

nuclear  power  plants. 
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The  results  of  our  study  provide  evidence 
that  the  super  radiation-resistant  cable  finds 
satisfactory  use  in  applications  that  require 
high  flexibility  as  in  removal  from  site  to  site 
in  radiation  fields  of  6  MGy  or  more  and  use  with 
intelligent  manipulators.  Judging  from  its 
excellent  characteristics,  this  cable  is  likely 
to  find  use  in  a  variety  of  applications  at  sites 
of  high  radiation  hazards. 
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Fig.  19  LOCA  simulation  test. 


Summary 

Our  discussion  has  ranged  from  the  selection 
of  base  polymers  and  anti-radiation  coagents  to 
the  assessment  of  various  kinds  of  cable.  The 
findings  obtained  in  this  study  are  summarized 
below. 

(1)  The  radiation  tests  were  performed  on  seven 
kinds  of  polymers  that  are  commonly  considered  to 
have  good  radiation  resistance  to  doses  of  up  to 
10  MGy.  The  test  results  show  that  EPR  and  TPU 
alone  can  be  subjected  to  post-irradiation 
tensile  tests. 

(2)  The  findings  obtained  with  various  types  of 
anti-  radiation  coagents  indicate  that  a  UV 
absorbing  coagent  is  most  effective  in  imparting 
radiation  resistance  to  EPR  and  TPU. 

(3)  The  super  rad  ia t ion - r es  i s t an t  cable 
consisting  of  the  radiation-  and  flame-resistant 
EPR  insulation  added  with  the  ant i-rad iat ion 
coagent  and  the  radiation-  and  flame-resistant 
urethane  sheath  exhibits  no  change  in  flexibility 
after  irradiation  at  doses  of  up  to  6  MGy,  and 
may  serve  the  purpose  even  when  exposed  to  a  dose 
of  10  MGy. 
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ABSTRACT 

The  recent  development  of  tactical  platforms  for  recon¬ 
naissance  and/or  anti-armor  purposes  sponsored  by  the  U  S. 
Army  and  Marine  Corps  have  sparked  needs  for  a  single 
fiber,  lightweight,  small  size,  crush  resistant  optical  fiber 
cable.  This  "tether"  cable  is  to  be  used  as  a  real  time  data 
link  between  the  remotely  guided  platforms  and  their 
respective  control  consoles.  The  cable,  to  be  payed  off  from 
these  vehicle-like  platforms,  must  be  extr  nely  rugged  to 
allow  proper  operation  during  battlefield  co  itions.  Passage 
of  vehicles  over  the  tether  cable  must  not  interrupt  the 
signal  transmission  between  the  console  and  the  vehicle.  To 
meet  these  requirements  an  all-dielectric.  1.7  mm  O.D  ,  3.1 
kg/km  cable  was  developed.  It  consists  of  a  compositely- 
buffered  50  micron  multimode  fiber,  stranded  glass- 
reinforced  polyester  (GRP)  rods,  and  a  Nylon  outer  jacket. 
The  cable  shows  negligible  increases  in  attenuation  across  a 
-25°0  to  +  80”C  operating  temperature  range,  superior 
crush  performance  in  a  simulated  battlefield  environment, 
and  excellent  bending  performance. 


1.  INTRODUCTION 

To  date  several  types  of  fiber  optic  cables  have  been  devel¬ 
oped  for  tactical  deployment  applications.  Most  of  these 
custom  designed  cables,  however,  were  intended  for  dual 
channel  transmission  li  e..  2  fibersl  and  did  not  require  strin¬ 
gent  size  and  weight  characteristics  [1.  2)  The  outer  diame¬ 
ter  and  weight  of  these  cables  have  usually  been  on  the 
order  of  6  mm  and  32  kg/km  respectively.  These  cables  are 
extremely  rugged,  but  are  not  suitable  for  small  size,  mobile, 
tactical  platforms  |3,  4],  Such  platforms  require  long  length 
14  -  30  km),  single  fiber  cables,  small  enough  to  be  spooled 
on  light-weight,  portable  reels  and  light  enough  to  be  easily 
transported.  Size  and  weight  requirements  for  such  cables  in 
the  order  of  1.5  mm  and  3.0  kg/km  respectively,  are  not 
uncommon.  Furthermore,  the  cables  are  to  withstand  the 
physical  abuse  typically  encountered  in  tactical  environ¬ 
ments.  This  includes  severe  localized  lateral  loads  due  to 
heavy  objects  passing  across  the  cable  during  deployment, 
operation,  or  retrieval.  This  paper  will  discuss  the  require¬ 
ments.  the  cable  design  which  attempts  to  meet  these 
requirements,  and  testing  results  of  prototype  cables. 


2.  CABLE  REQUIREMENTS 

The  requirements  of  a  particular  tele-operated  vehicle 
manufacturer  were  used  as  initial  design  guidelines  for  this 
cable.  Other  similar  applications  may  require  different 
performance  levels  on  specific  cable  characteristics. 
However,  the  overall  design  which  evolved  from  these 
requirements  should  satisfy  the  needs  of  most  tactical  tele- 
operated  vehicles.  Important  to  note  are  the  extremely  low 
cable  outer  diameter  11.5  mm)  and  weight  (3.0  kg/kml 
requirements.  A  specific  requirement  for  resistance  to  lat¬ 
eral.  localized  loading  was  not  included  in  these  specifica¬ 
tions.  but  was  understood  to  be  one  of  the  most  crucial 
characteristics  of  the  cable.  Other  pertinent  requirements 
include  a  small  minimum  bend  radius  (25  mml  which  might 
be  seen  by  the  cable  as  it  is  paved  off  or  retrieved  across 
multiple  sets  of  mandrels  The  preliminary  target  require¬ 
ments  are  summarized  in  Table  1. 


3.  CABLE  DEVELOPMENT 

The  1 -fiber  tactical  tether  cable  was  designed  around  the 
requirements  in  Table  1  knowing  that  cable  outer  diameter 
and  weight  characteristics  might  have  to  be  sacrificed  to 
arhieve  the  all-important  local  crush  resistance.  Flame  retar- 
dance  was  determined  to  be  a  secondary  requirement  which 
would  be  adressed  in  the  future.  Standard  tight  buffer  cable 
designs  (tightly  buffered  fiber,  tensile  yarns,  outer  jarketl 
could  easily  be  processed  and  manufactured  to  meet  the 
O.D.  and  weight  requirements,  but  are  known  not  to  be  very 
resistant  to  local  crush.  This  fart  is  demonstrated  in  a  later 
part  of  this  paper,  where  different  cable  types  were  com¬ 
pared  with  respert  to  their  resistance  to  these  kinds  of 
crushing  forces.  Cables  which  have  shown  extreme  local 
crush  resistance  include  single  fiber  undersea  cables  consist¬ 
ing  of  a  rompositely-buffered  fiber,  an  "armor"  of  steel 
wires,  and  an  abrasion-resistant  outer  jacket  |5|,  The  steel 
wires  which  are  stranded  around  the  composite  buffer  have 
been  found  to  form  a  protective  shell  around  the  fiber.  The 
only  drawback  to  these  types  of  rabies  for  tactical  tether 
applications  is  their  excessive  weight  Even  when  their  outer 
diameter  is  reduced  to  the  required  1.5  mm.  the  weight  of 
such  rabies  is  still  <».()  kg'km.  Such  a  cable  was  manufac¬ 
tured  and  showed  excellent  performance  during  temperature 
cycling  (<015  dB/km  increases  in  attenuation  '  orn  -25°  to 
+  80°C  for  SMF  at  155(1  nnvl.  The  cable  also  withstood  5000 
N/cm  loads  in  a  modified  crush  test  without  experiencing 
any  power  losses.  However,  an  alternate  design  approach 
was  necessary  to  reduce  the  cable  weight 
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It  was  stipulated  that  not  only  the  'shell  effect"  but  also  the 
"effective  flexural  modulus"  of  the  cable  played  a  roll  in  the 
cable’s  resistance  to  lateral,  localized  forces.  Standard  tight 
buffer  cables  lack  both  shell  strength  and  possess  low  fle¬ 
xural  modulus,  and,  have  thus  failed  when  exposed  to  real 
life  field  testing.  Passage  of  HMMV  type  trucks  over  these 
cables  on  a  gravel  road  resulted  in  fiber  breakage  and/or 
high  I  >10  dBI  increases  in  attenuation.  It  was  therefore 
necessary  to  design  a  cable  which  included  light-weight 
strength  members  which  could  be  stranded  over  the  fiber 
without  inducing  attenuation  increases,  and  which  would 
provide  shell  strength  and  increase  the  effective  flexural  mo¬ 
dulus.  The  strength  members  chosen  consisted  of  Glass 
Reinforced  Polyester  (GRP)  rods  which  have  a  flexural  mo¬ 
dulus  of  approximately  50,000  N/mm!  and  specific  weight  of 
2.1  g/cmJ.  This  compares  to  the  values  of  190,000  N/mm! 
and  8.0  g/cm1  for  stainless  steel.  It  was  therefore  anticipated 
that  the  cable  would  not  be  as  strong  as  the  steel  wire  cable, 
but  would,  on  the  other  hand,  show  a  drastic  weight 
reduction. 

As  is  the  case  with  some  of  the  above-mentioned  undersea 
cables,  the  fiber  buffering  scheme  of  the  new  design  was  also 
based  on  a  composite  buffer.  The  buffer  material  was  a 
tough,  abrasion-resistant  polyetherimide  which  would  pro¬ 
vide  enough  strength  as  a  buffer  when  extruded  with  an 
extremely  thin  wall  to  an  outer  diameter  of  0.54  mm.  Notice 
that  this  is  only  40  microns  larger  than  the  outer  diameter 
of  a  typical,  unbuffered  500  pm  type  fiber.  The  fiber  was 
mechanically  isolated  from  the  buffer  with  a  film  of  filling 
compound.  This  allowed  stranding  of  the  strength  members 
directly  over  the  buffer  without  inducing  microbending 
losses  in  the  fiber.  Tolerances  on  the  outer  diameter  of  the 
composite  buffer  were  held  tightly  to  achieve  the  "shell" 
protection  from  the  GRP  rods.  Furthermore,  the  outer  nylon 
jacket  would  be  pressure-extruded  over  the  GRP  rods  to 
further  enhance  fiber  protection.  Minimal  rod  movement  is 
allowed  in  this  format  during  exposure  to  different  types  of 
mechanical  abuse.  The  nominal  outer  diameter  of  the  devel¬ 
oped  cable  was  1.7  mm.  sligutly  over  the  required  1.5  mm. 
The  cable  weight  was  3.1  kg/km,  0.1  kg/km  over  the  target. 
The  cable  cross-section  is  shown  in  Figure  1. 


4.  CABLE  PERFORMANCE 

The  performance  of  the  newly  designed  1-fiber  tactical 
tether  cable  was  determined  after  rigorous  environmental 
and  mechanical  testing  of  the  cable  and  cable  assembly  (con- 
nectorized  with  ST  compatible  connectors).  The  test  pro¬ 
gram  included  temperature  cycling  and  testing  for  cable 
impact,  flex,  twist  bend,  modified  crush,  tensile  and  hot/cold 
bend  performance.  Connectorization  losses  and  connector 
strength  were  measured  on  terminated  samples.  The  test 
conditions  and  results  are  summarized  in  Table  2,  Specifics 
were  as  follows: 

*  T emperature  Cycling : 

A  3.5  km  sample  was  temperature  cycled  from  -25°C  to 
+  80°C  at  1300  nm  with  overfilled  launch  conditions.  8 
hour  conditioning  and  6  hour  ramp  times  were  used.  The 
50  micron  fiber  showed  maximum  increases  in  attenu¬ 
ation  of  0  13  dB/km  with  an  attenuation  at  room  tem¬ 
perature  of  2.42  10.75)  dB/km  at  850  113001  nm  No 
residual  increases  in  attenuation  were  seen  after  five 
complete  cycles  (see  Figure  21. 


•  Cable  Impact: 

Samples  were  tested  according  to  FOTP-25  with  a  0.5  kg 
load  being  dropped  from  a  75  mm  height.  The  fiber  broke 
at  an  average  (worst  case)  of  58  (28)  cycles. 

•  Cable  Cyclic  Flex: 

Samples  were  tested  according  to  FOTP-104  with  a  2.0 
kg  load  and  a  25  mm  bend  radius.  No  damage  was  ob¬ 
served  after  2000+  cycles  and  no  changes  in  power  oc¬ 
curred  during  testing. 

•  Cable  Twist  Bend: 

Samples  were  tested  according  to  FOTP-91  with  a  3.0  kg 
load  and  a  50  mm  mandrel  diameter.  No  damage  was 
seen  after  2000+  cycles  and  power  levels  during  testing 
remained  constant. 

•  Modified  Cable  Crush: 

A  modified  crush  test  was  developed  to  simulate  the  lo¬ 
calized  lateral  loads  the  cable  could  encounter  in  bat¬ 
tlefield  conditions.  The  test  (see  Figure  3)  consisted  of 
placing  the  cable  samples  across  an  ASTM  #10  mesh 
sieve  (simulating  a  gravel  surface)  and  applying  the 
crushing  force  with  a  padded  steel  plate  (simulating  the 
tire  of  a  vehicle  passing  over  the  cable).  The  padding 
consisted  of  tire  stock  samples.  Power  was  monitored  as 
the  crushing  force  was  increased  to  5,000  N/cm.  At  that 
load  the  1 -fiber  tactical  tether  cable  showed  an  average 
increase  in  attenuation  of  3.4  dB.  The  average  increase  in 
attenuation  for  a  standard  2.4  mm  tight  buffer  cable  was 
measured  at  11.5  dB  (see  Figure  41.  The  steel  wire  under¬ 
sea  cable  showed  no  significant  increases  in  attenuation 
up  to  the  maximum  load. 

•  Cable  Tensile: 

Cable  Samples  were  tested  for  tensile  performance  ac¬ 
cording  to  FOTP-33.  A  maximum  load  of  150  N  was 
applied  while  power,  fiber  strain,  and  cable  strain  were 
monitored.  No  attenuation  increases  were  seen  up  to 
maximum  load,  and  cable  strain  remained  below  0.28%. 
The  maximum  short  term  load  may  be  increased  to  300 
N  if  100  Kpsi  proof  tested  fibers  are  used  in  the  design. 

•  Cable  Hot/Cold  Bend: 

Cable  samples  were  tested  at  -25°C  and  80°C  for  bend¬ 
ing  performance  according  to  FOTP-37.  A  50  mm  diame¬ 
ter  mandrel  and  5  kg  load  were  used  for  the  test.  After  4 
hours  of  conditioning,  the  samples  were  wound  across  the 
mandrel  over  10  turns,  while  power  was  monitored.  A 
maximum  increase  of  0.62  dB  at  low  and  0.69  dB  at  high 
temperatures  respectively  was  observed  No  residual 
power  losses  nor  cable  damage  was  noted  after  testing. 

•  Cable  Connectorization: 

The  cable  was  terminated  with  standard  ST  compatible 
connectors  and  showed  a  standard  deviation/average 
excess  loss  of  0.021/0.036  dB  1300  nm  per  mated  pair 
and  withstood  an  average  1 1 0  N  pull  strength.  The  termi¬ 
nated  cable  is  show-  in  Figure  5. 

The  cable  without  connector  showing  cable  components  is 

shown  in  Figure  6. 
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5.  CONCLUSIONS/SUMMARY 

A  1 -fiber  tactical  tether  cable  has  been  developed  for  re¬ 
motely  controlled  reconnaissance/anti-armor  vehicles.  The  1.7 
mm  O.D.,  3.1  kg/km  cable  has  exhibited  excellent 
performance  during  environmental  and  mechanical  testing. 
Using  a  50  micron  multimode  fiber,  the  cable  showed  negli¬ 
gible  increases  in  attenuation  across  a  -25°  to  +80°C  tem¬ 
perature  range.  Similar  environmental  performance  is 
expected  for  single  mode  fibers.  The  cable  also  showed  supe¬ 
rior  performance  in  all  bending  and  flexing  tests,  where  the 
cable  was  exposed  to  the  minimum  bend  radius  (25  mm)  of 
the  fiber.  Modified  crush  testing  indicates  that  the  newly  de¬ 
veloped  tether  cable  will  outperform  standard  tight  buffer 
type  cables  when  exposed  to  localized  lateral  loads. 
Connectorization  of  the  developed  cable  using  ST  compatible 
connectors  is  standard. 
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1-Fiber  Tactical  Tether  Cable 
Requirements 


Fiber  Type 

50/125,  Graded  index,  0  23  NA,  <  4.0  (1  7) 
dB/Km  at  850  (1300)  nm 

Cable  O  D 

1.5  +/-  0  1  mm 

Cable  Weight 

<  3  Kg/Km 

Connectors 

ST  compatible.  <  1.0  dB  pair  loss 

Cable  Length 

4  -  7  Km 

Operating  Temp 

•15  to  +80  C 

Flammability 

DOD-STD-1678,  Method  5010 

Tensile  Rating 

320  N  (short  term) 

Min  Bend  Radius 

25  mm  (short  term) 

51  mm  (long  term) 

TABLE  1 
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NOTE:  All  Dimensions  in  mm. 


Figure  1:  Cross-section  of  1 -Fiber  Tactical  Tether  Cable 


i 


i 


International  Wire  &  Cable  Symposium  Proceedings  1988  53 


54  International  Wire  &  Cable  Symposium  Proceedings  1988 


Figure  6:  I -Fiber  Tacticaf  Tethet  r able 


1-Fiber  Tactical  Tether  Cable: 


Performance  Summary 


I 


I 


Temperature  Range 

-25  to  ♦  80  C 

Max  Delta  Attenuation 

0.13  dB/km 

R  T  Attenuation 

2.42  (0  75)  dB/Xm  @  850  (1300)  nm 

Nominal  Cable  0  D 

1  7  mm 

Cable  Weight 

3.1  kg/km 

Impact  Resistance 

M  »  0.5  kg,  H  -  75  mm  >  28  cycles 

Cyclic  Flex 

M  -  2  0  kg,  R  *  25  mm  >  2000  cycles 

Twist  Bend 

... 

M  .  3  0  kg,  D  »  50  mm  >2000  cycles 

Modified  Crush 

<  3  4  dB  Power  Loss  at  50u0  N/cm 

Tensile 

L  =  150  N  <  0  28  %  strain,  <  0  04  dB  loss 

Hot/Cold  Bend 

N  =  10  turns  <  0  69  (0  62)  dB  loss 

Connector  Strength 

110  N  (t  <  1  mm) 

Connector  Loss 

<  0  036  dB  @  1300  nm  per  mated  pair 

TABLE  2 
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LONG  LENGTH  MINIATURE  OPTICAL  FIBER  CORD 


» 

Eric  L.  Buckland  ,  P.  Stephen  Keith  and  John  C.  Rosko 

Sumitomo  Electric  Fiber  Optics  Corporation 
Research  Triangle  Park,  North  Carolina,  27709 


ABSTRACT 

A  long  length  miniature  singlemode  optical 
fiber  cord  has  been  developed  for  use  in  ground  to 
ground  and  ground  to  air  telerobotic  systems. 
This  cord  was  designed  specifically  to  meet  the 
requirements  for  use  as  a  tether  to  a  operations 
vehicle  which  is  to  be  remotely  controlled  via 
video  and  data  transfer  over  the  optical  fiber. 
Singlemode,  tight  buffer  fiber  is  used  for  high 
bandwidth  communications,  providing  excellent 
micro-  and  macro  bend  resistance.  Aramid  yarn 
strength  members  and  a  polyurethane  jacket  provide 
a  high  strength  system  in  a  compact  and 
lightweight  package  (0.0.  2.1  mm,  weight  5.2 
kg/km)  Rugged  performance  of  the  cord  is  verified 
through  mechanical  and  environmental  tests. 


This  paper  will  detail  design  aspects  of  this 
cord,  including  fiber  design,  fiber  coating,  use 
of  strength  members  and  Jacket  material  selection. 
Cord  performance  is  verified  through  a  battery  of 
mechanical  and  environmental  tests. 

11.  OESIGN 

The  cord  was  des  I  gned  to  be  II  ght  we  1  ght , 
sma  11  in  size  and  very  strong  and  rugged  for  use 
In  conditions  requiring  payoffs  of  long  lengths  of 
cable  under  difficult  conditions.  The  basic 
design  consists  of  a  tight  buffered  singlemode 
fiber  surrounded  by  aramid  fiber  strength  members, 
and  Jacketed  with  a  tough  polyurethane  coat  to 
2.11  mm,  as  shown  below  In  Figure  I. 


I.  INTRODUCTION 

A  singlemode  optical  fiber  cord  has  been 
developed  for  use  in  tactical  applications  such  as 
military  ground  to  ground  and  around  to  air 
telerobotics.  The  cord  Is  designed  for  use  at 
either  the  1.3  pm  or  1.55  urn  operating  windows  for 
singlemode  fiber.  The  higher  bandwidth  of 
singlemode  fibers  over  multimode  counterparts 
allows  for  transmission  of  video  as  well  as  other 
voice  or  data  signals. 


Structurally,  the  cable  was  designed  to 
exhibit  low  loss  over  long  lengths,  greater  than  5 
km.  Its  high  strength  design,  including  aramid 
yarn  strength  members  and  a  durable  Jacket 
material  is  suitable  for  rugged  applications.  The 
cord  has  the  added  feature  of  except  I  ona  1 1  y  sma  1 1 
size,  less  than  2.11  mm,  and  low  weight, 
(5.2  kg/km). 


FIGURE  1.  Miniature  Optical  Fiber  Cord 
A.  Fiber  selection 

Singlemode  fibers  were  chosen  for  this  cord 
application  because  of  the  low  optical  loss  and 
high  bandwidth  for  video  communications.  In  light 
of  the  potential  abuse  to  the  cord,  the  fiber 
needed  to  exhibit  excellent  bend  resistance  and 
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high  tensile  strength.  The  minimum  optical 
requirements  for  the  fiber  are  in  Table  1. 


Mode  field  Diameter 

10  +-  1  pm 

Cutoff  wavelength 

1190  to  1310  nm 

Max.  Attenuation 
@1300  nm 

91550  nm 

0.70  dB/km 
0.45  dB/km 

Max.  Dispersion 

91300  nm 

91550  nm 

3.5  ps/nm/km 
25.0  ps/nm/km 

Core/clad  offset 

<  1 .0  pm 

Proof  test 

100  kpsi 

TABLE  I.  Minimum  fiber  performance  requirements 

Small  mode  field  diameter  fibers  (MFD  =  9.0 
pm  nominal)  were  selected  for  optimum  bending  loss 
performance.  A  nylon  Jacketed  tight  buffer 
configuration  was  used  for  the  fiber  coating.  This 
system  provides  good  mlcrobend  resistance  and  low 
temperature  performance. 


Weight  (kg I 


i  FIGURE  2.  Microbend  Resistance  of  Tight 

Buffer  fibers 

A  selection  of  tight  buffered  fibers 
selected  for  cording  was  tested  for  microbend 
resistance  using  36  grit  sandpaper.  Figure  2 
|  shows  loss  increase  at  1.55  pm  as  e  function  of 

applied  load.  The  maximum  loss  Increase  under  a 


20  kg  load  was  0.32  dB.  Residual  loss  after  toad 
removal  was  under  0.1  dB  for  all  samples. 

The  same  fiber  set  was  subjected  to  a  severe 
temperature  cycle  and  monitored  at  1.55  pm.  The 
test  regimen  included  three  cycles  with 
temperatures  of  20C,  -40C  and  +70C.  The  soak 
time  at  each  temperature  was  at  least  two  hours. 
Figure  3  Is  a  plot  of  loss  Increase  versus  time 
and  temperature.  Even  at  -40C,  maximum  loss 
Increase  at  1.55  pm  did  not  exceed  0.10  dB/km. 


Temperature  (C) 

(cycle  #) 

FIGURE  3.  Temperature  Cycling  of  Tight  Buffer 
Fibers 

B.  Strength  elements 

To  provide  tensile  strength  to  the  cord 
structure,  8  strands  of  380  denier  aramld  yarn 
were  applied  circumferentially  around  the  fiber 
parallel  to  the  fiber  axis  during  the  Jacketing 
process.  The  ultimate  tensile  strength  (UTS)  of 
the  yarns  is  128  lbs  (570  N)..  The  maximum 

elongation  at  break  is  2.41. 

In  order  to  decouple  the  cable  elements  and 
insure  that  the  applied  load  is  carried 

exclusively  by  the  aramid  yarns,  the  yarns  were 
impregnated  with  a  lubricating  agent.  Several 
flooding  compounds  were  evaluated  and  a  silicon 
oil  compatible  with  the  materials  and  existing 
equipment  was  selected  for  this  application. 
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Payoff  tension  of  the  aramid  yarns  was 
initially  high  (450  gms}  during  processing  trials. 
This  was  expected  to  equalize  strain  in  the  yarns 
and  maintain  a  high  system  tensile  strength. 
However,  self-abrasion  of  the  yarns  at  this 
tension  was  too  high  and  resulted  in  reduced 
strength.  Payoff  tension  was  reduced  and  the 
resultant  tensile  strength  was  greater  than  100 
lbs  (445  N),  better  than  81%  of  the  design. 

C.  Outer  Jacket 

The  outer  Jacket  material  selected  was  a 
polyether-polyurethane  compound,  selected  for  its 
toughness  and  abrasion  resistance.  Pressure 
extrusion  was  desirable  from  the  point  of  view  of 
maintaining  circularity  of  the  cord  and 
maintaining  tight  diameter  tolerances.  However, 
the  pressure  extrusion  process  over  the  soft  core 
was  found  to  cause  shifting  of  the  aramid  yarns 
such  that  the  optical  fiber  was  not  fully 
protected.  This  was  abandoned  in  favor  of  a 
tubing  set-up  with  excellent  results. 

Diameter  control  of  the  jacket  was  maintained 
at  2.11  mm  to  a  tolerance  of  0.05mm.  Even  with 
the  tubed  extrusion,  the  jacket  formed  a  tight  fit 
around  the  core,  preventing  any  fiber  kinking  due 
to  migration. 


111.  CABLE  TYPE  TESTING 


TEST 

- 1 

GOAL 

Impact 

.25kg/ 150mm 

100  strikes 

Compressive 

Resistance 

1,000  lbs. 

(4,454  N) 

Cycl ic  Flex 

20,000  cycles 

Tensile  strength 

>  100  lbs 
(445  N) 

Temperature 
Dependence  of 
Attenuation 

-30  C  to  +65  C 

Once  proper  processing  conditions  were 
established,  production  length  cords  greater  than 
5  km  were  manufactured.  In  order  to  verify  that 
design  targets  of  cable  performance  were 
maintained  during  manufacturing,  the  cord  was 
subjected  to  a  battery  of  mechanical  tests.  Tests 
were  conducted  according  to  industry  standards 
(EIA,  000-STD  1678).  A  list  of  test  items  and 
performance  goals  is  given  above  In  Table  2. 

A.  Impact  testing 

The  goal  for  the  cord  during  impact  testing 
was  to  maintain  optical  continuity  after  repeated 
strikes  from  a  weight  dropped  onto  the  sample. 
The  test  apparatus  consisted  of  a  weighted  hammer 
lifted  to  the  desired  height  and  released.  The 
contact  plate  was  a  cylinder  with  a  1/2"  radius  of 
curvature  for  controlled  transfer  of  energy  from 
the  hammer  to  the  cord. 

Ten  samples  were  tested  ,  five  each  using  a 
0.25  kg  and  0.50  kg  mass  dropped  from  a  height  of 
150  mm.  At  0.25kg,  3  of  the  five  tests 
experienced  no  fiber  breakage  or  other  power  loss 
during  100  strikes.  The  remaining  two  samples 
withstood  60  and  70  strikes  before  fiber  breakage. 

With  the  0.50  kg  mass,  all  five  samples 
maintained  continuity  for  a  minimum  of  22  strikes. 
One  sample  resisted  damage  for  the  full  100 
strikes. 

B.  Compressive  resistance 

The  cord  was  subjected  to  compression  testing 
between  10  cm  plates  using  an  Instron  4206 
tensile/compressive  loading  machine.  The  load 
was  applied  at  a  rate  of  2mm/min.  Attenuation  at 
1.3  ym  was  monitored  through  the  test.  At  the 
design  limit  of  1000  lbs.  (4454  N),  attenuation 
increased  less  than  0.05  dB.  The  load  was 
increased  to  a  maximum  of  3300  lbs.  (15000  N) 
Even  at  maximum  load,  the  maximum  Increase  In 
attenuation  was  0.32  dB.  There  was  full  recovery 
UFion  release  of  load.  Loss  increase  as  a  function 
of  load  is  graphed  in  Figure  4. 


TABLE  2.  Cord  type  test  items 
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FIGURE  4.  Compressive  Resistance  of  Miniature 
Fiber  Optic  Cord 

C.  Cvcl Ic  flex 

The  cord  was  cycled  20,000  times  at  30 
cycles/m In  around  229  mm  sheaves  with  no  optical 
or  physical  damage. 

D.  Tensile  Strength 

Tensile  strength  was  measured  through 
processing  trials  to  establish  manufacturing 
conditions  for  the  aramld  fiber  payoffs  and  again 
as  a  finished  cable  once  optimum  conditions  were 
established.  The  Instron  tensile  machine  was  used 
for  the  testing  with  modified  grips  designed  to 
eliminate  damage  to  the  cord  as  a  result  of 
Improperly  securing  the  cable  for  testing.  The 
cord  was  wrapped  around  two  3"  steel  mandrels  as 
shown  in  fig.  so  that  a  double  strand  of  cord  was 
tested.  Friction  between  the  cord  and  mandrels 
prevented  the  cord  from  slipping  and  provided 
repeatable  test  conditions.  The  break  load  was 
determined  to  be  one-half  the  test  load  at  which 
the  fiber  broke. 

It  is  interesting  first  to  note  the  effect  of 
payoff  conditions  on  ultimate  cable  strength.  It 
was  originally  believed  that  higher  payoff 
tensions  were  preferable  from  strength 
considerations.  However,  this  proved  not  to  be 
the  case.  Figure  5  shows  the  resulting  cable 
strength  versus  payoff  tension  for  a  number  of 
samples. 


Condition  1  Condition  2  Condition  3 
Aramid  yarn  payoff  condition 

FIGURE  5.  Cable  strength  versus  processing 
cond I t i ons . 

fable  st'cngtJ.  as  a  pfrcetfzg:  of  ultimate  Tensile  strength  HITS) 

of  trwld  fibers. 

Condition  I:  450  gra*  payoff  tension  trial  4  saeples 

Condition  2:  2S0  gra*  payoff  tension  trial  4  saaples 

Condition  3:  250  gra»  payoff  tension  production  opt  laired 
12  saaples. 

From  the  above  results,  the  250  gm  payoff 
tension  was  chosen.  The  final  cable  strength 
after  optimizing  processing  conditions  was  120 
lbs,  (535  N)  very  nearly  realizing  the  full 
potential  of  the  aramid  yarns. 

E.  Temperature  Dependence  of  Attenuation 

The  cord  was  tested  for  attenuation  change 
through  the  range  '30  C  to  +65  C.  Loss  increase 
at  1300  nm  was  maintained  below  0.10  db/km 
throughout  this  range. 

IV.  CONCLUSION 

A  small  diameter  cord  designed  to  perform 
well  under  the  strenuous  conditions  of  tactical 
applications  has  been  developed  and  manufactured 
In  continuous  long  lengths  greater  than  5  km.  The 
cord  utilized  singlemode  fiber  for  high  bandwidth 
communications.  The  fiber  exhibits  the  superior 
bend  resistance  and  high  strength  necessary  for 
the  application.  Aramid  yarn  impregnated  with  a 
silicon  oil  lubricant  was  used  for  strength.  An 
abrasion  resistant  polyurethane  Jacket  was  extrude 
above  the  fiber  and  yarn  ,  maintaining  a  round 
concentric  cord  of  Just  2.11  mm.  Proper  tooling 
and  processing  allowed  for  full  realization  of  the 
strength  potential  of  this  product,.  Type  testing 
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of  the  manufactured  cord  demonstrates  the  rugged 
design  of  the  cable  with  regard  to  Impact  and 
crush  resistance  and  high  tensile  strength.  This 
cord  design  should  find  use  wherever  a  small, 
lightweight  yet  very  durable  fiber  optic  cord  is 
desirable. 


(Photo  unavailable  at 


this  time) 


John  C.  Rosko  graduated  with  a  BSEE  from  Union 
College  in  Schenectady,  NY  in  1974.  He  has  held 
numerous  positions  in  the  cable  industry  including 
Times  Wire  and  Cable  co.,  Siecor  Corporation, 
Phalo  Corporation,  and  Sumitomo  Electric  Fiber 
Optics  Corp.  He  is  a  member  of  the  IEEE. 

*  Currently  Mr.  Rosko  is  Chief  Engineer  at 
Communications  Cable,  Inc.  in  Siler  City,  NC, 
where  he  is  engaged  in  the  development  of 
electronic  cable  for  data  communication. 


Eric  Buckland  obtained  his  B.S.  degree  in 
Physics  in  1985  from  North  Carolina  State 
University,  where  he  is  working  part-time  towards 
a  Master's  degree.  Since  joining  Sumitomo 
Electric  Fiber  Optics  Corp.  in  1985,  he  has  been 
engaged  in  the  research  and  development  of  optical 
fibers  and  cables.  He  is  currently  Involved  with 
the  development  of  all-dielectric  self-supporting 
cables,  singlemode  fiber  design  and  test  method 
development.  Mr.  Buckland  is  a  member  of  the 
Optical  Society  of  America. 


P.  Stephen  Keith  graduated  from  Georgia  Institute 
of  Technology  in  1968  with  a  B.S.  degree  in 
Physics  and  later  did  graduate  work  in  Metallurgy 
at  the  same  institution.  His  career  has  been  in 
the  wire  and  cable  industry,  previously  being 
involved  in  materials  development  and  the  design 
and  manufactur i ng  of  multi -conductor  telephone  and 
instrumentation  cable.  Prior  to  joining  the 
Design  Department  of  Sumitomo  Electric  Fiber 
Optics  Corp.  in  1986,  Mr.  Keith  was  associated 
with  Superior  Cable  Corp.  and  National  Wire  and 
Cable  Corp.  He  is  presently  Senior  Process 
Engineer  at  Sumitomo  Electric. 


62  International  Wire  &  Cable  Symposium  Proceedings  1988 


DESiGN  AND  PERFORMANCE  OF  TELECOMMUNICATION  CABLES  OPTIMIZED 
FOR  LOW  FIBER  COUNTS 


Martin  C.  Light.  James  A.  Moses 
Mark  A  Sigmon.  Christopher  A.  Story 


Siecor  Corporation  ■  R.D&E,  489  Siecor  Park 
Hickory,  NC  28603-0489 


ABSTRACT 

Until  .ecently  fiber  optic  cables  for  outside  environments 
typically  used  a  common  design  for  fiber  counts  ranging 
from  2  to  192  Recently  work  was  undertaken  to  design 
cables  specifically  for  low  fiber  count  applications,  which 
offers  the  opportunity  to  design  lightweight,  compact 
cables  with  enhanced  ease  of  installation 

An  approach  that  has  proven  to  be  successful  for  low  fiber 
count  cables  is  the  loose  tube  design,  with  the  buffer  lube 
positioned  longitudina'ly  in  the  cable  surrounded  bv 
strength  members  and  sheam  Important  design  parame¬ 
ters  include  the  properties  of  fhe  filling  compound,  the  type 
and  effectiveness  of  antibuckling  elements,  and  the  control 
ot  excess  fiber  length  (EFL)  These  design  parameters  and 
their  interactions  are  discussed  here  In  addition,  a  test 
method  for  determining  the  actuai  longitudinal  cable  shrink¬ 
age  at  low  temperatures  is  presented. 

Two  experimental  cables  were  p.nduced  and  the  mechani 
cal  and  environmental  performance  was  evaluated  The 
performance  of  these  cables  demonstrates  the  success  of 
the  design  approach 


a  longitudinal  buffer  tube  fulfill  the  requirements  above 
Design  mechanics  are  quite  different  from  stranded  loose 
tube  cables,  where  the  tensile  and  contraction  windows  are 
determined  from  the  lay  length  of  the  stranded  tubes  and 
the  radial  distance  of  the  tubes  from  the  center  of  the 
cable  In  cables  where  the  tube  is  unstranded,  the  operat¬ 
ing  windows  are  achieved  only  through  fiber  movement 
within  the  tube 

Tensile  Window  -  To  achieve  a  "tensile  window"  where  the 
cable  is  elongated  under  load  and  the  fibers  experience  no 
strain  a  certain  amount  of  excess  fiber  length  ( EF L)  must 
be  incorporated  into  the  buffer  tube  The  fibers  ideally  lay 
in  a  helix  within  the  buffer  tube  as  described  in  Equation  1 
below  Note  that  several  important  construction  parameters 
are  included  in  fhe  equation,  including  tube  inner  diameter, 
fiber  diameter,  the  fiber  bend  radius  and  the  fiber  stacking 
factor  Fibei  stacking  factor  is  simply  an  empirically  derived 
factor  that  is  a  measure  of  how  fibers  lie  within  the  tube 
The  factor  determines  how  much  free  space  is  available 
inside  a  buffer  lube  for  a  given  fiber  count  and  lube  size, 
and  is  used  to  calculate  the  pitch  circle  diameter  of  the 
fiber  helix. 


1.0  INTRODUCTION 

Fiber  optic  cables  for  low  fiber  counts  offer  unique  chal¬ 
lenges  to  fhe  cable  designer.  An  attractive  alternative  for 
low  fiber  counts  is  the  unstranded  loose  tube  cable  This 
arrangement  allows  efficient  use  of  materials  and  reduces 
t!  3  processing  steps  required  Special  considerations  are 
required  In  such  areas  as  antibuckling  methods  and  excess 
fiber  lenyih  control.  Two  variations  of  this  basic  design  are 
presented  along  with  test  results  from  each  cable  The 
work  presented  is  limited  to  single  mode  applications  with 
performance  tangets  aimed  at  conforming  to  the  Bellcore 
TR-20  specification  1 


EFL  = 


(p,-Fs-P2)  \2 

2R-(D-Fs-D2)/ 


[EQN.  1] 


where: 

EFL  =  Excess  fiber  length  In  buffer  lube 
R  =  Minimum  acceptable  fiber  bend  radius  (mm) 
D  =  Inner  d'ameter  of  tube  (mm) 

F.  =  Fiber  stacking  factor 

=  Fiber  outer  Diameter  (mm) 


2.0  GENERAL  DISCUSSION 
2  1  Cable  Design  Considerations 

Common  to  all  cable  design  approaches  is  the  requirement 
that  the  fibers  within  the  cable  be  p. elected  from  the  rigors 
of  installation  and  service  environment  extremes 
Specifically,  the  fibers  must  be  isolated  from  excessive  ten¬ 
sile  strain  and  prevented  from  experiencing  bends  mat 
would  cause  attenuation  increases  at  operating 
wavelengths  In  addition  u  is  desirable  that  the  cables 
themselves  ue  compact  and  lightweight  craft  fnendly  and 
readily  produced  on  a  large  scale  Cable  oesign?  based  on 


The  magnitude  of  the  FFl  at  room  temperature  determines 
directly  how  much  the  cable  can  be  allowed  to  stretch 
before  the  fibers  experience  tensile  sham  This  allowable 
cable  strain  in  turn  delennmes  the  amount  ot  strength 
member  lhat  must  bo  incorporated  into  the  cable 

Minimum  Acceptable  Bend  Radius  The  helical  path  ot  :be 
libers  resu"s  in  an  induced  bend  whose  radius  is  denoted 
as  R  in  Equation  1  A  grea:  amount  ot  effort  n,s  been 
spent  .0  ensure  that  the  bend  rad'us  does  not  fall  below  me 
desired  minimum  bend  rad'us  limits  which  me  determined 
from  two  considerations  long  term  stress  and  attenuat'on 
increase 
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Calculation  of  the  stress  Induced  by  the  helix  Is  straightfor¬ 
ward;  however,  determination  of  the  stress  level  that  is  ac¬ 
ceptable  Is  not  so  simple  The  probability  of  failure  in  static 
fatigue  of  fibers  in  bending  Is  significantly  less  than  fibers 
In  uniform  tension  at  the  same  maximum  stress.2  This,  of 
course,  Is  due  to  the  fact  that  a  smaller  portion  of  the  fiber 
surface  Is  In  tension,  and  only  the  very  outer  surface  of  the 
fiber  experiences  the  maximum  tensile  stress  The  common 
rule  of  thumb  of  limiting  the  long-term  stress  to  30%  of  the 
proof  stress  is  based  on  fracture  mechanics  of  individual 
flaws  that  survive  the  proof  test 3  For  fibers  with  <25  micron 
cladding  and  proof  test  level  of  50  kpsi,  30%  of  proof  stress 
would  be  experienced  with  a  bend  radius  of  45  mm. 

Attenuation  increases  at  1300  nm  and  1550  nm  do  not 
occur  at  bend  radii  greater  than  25  mm  to  30  mm  in  the 
most  common,  currently  available  commercial  single  mode 
fibers  4  5  This  implies  that  If  ihe  fiber  bend  radius  is  main¬ 
tained  above,  say,  35  mm  that  the  fiber  will  not  exhibit 
attenuation  increases  due  to  the  helix. 

Of  the  two  considerations  affecting  the  minimum  bend 
radius  limit,  the  45-mm  limit  imposed  oy  long-term  stress 
calculations  is  obviously  the  more  restrictive  This  value  is 
regarded  as  an  absolute  limit  and  considerable  safety  fac¬ 
tors  are  used.  Realistic  design  targets  typically  range  from 
70  mm  to  100  mm. 

Low  Temperature  Performance  -  Because  the  cable  shrinks 
with  decreasing  temperature,  the  tightest  helix  and  sub¬ 
sequently  the  highest  EFL  and  lowest  fiber  bend  radius,  will 
be  experienced  at  the  lowest  service  temperature  of  the 
cable  Given  that  the  minimum  bend  radius  occurs 
at  -40°C,  the  effective  thermal  coefficient  of  expansion  of 
the  cable  must  be  known  in  order  to  calculate  'he  nominal 
room  temperature  value  of  EFL,  which  is  used  for  the 
manufacturing  target  The  expansion  coefficient  of  thermo¬ 
plastic  cabling  materials  is  approximately  two  orders  of 
magnitude-  greater  than  silica  fibers,  and  It  Is  necessary  to 
incorporate  antibucklir.d  materials  Into  the  cable  that  limit 
the  expansion  of  the  cable  A  computer  model  was  used  to 
iteratively  calculate  the  antibuckling  requirements  for  each 
design  presented  in  this  paper 

Practical  Considerations  -  Two  very  important  practical 
considerations  complicate  the  production  of  cables  and 
cause  deviations  from  the  cable  behavior  predicted  by  the 
design  approach  presented.  One  is  that  all  techniques 
used  to  create  EFL  in  buffer  tubes  result  in  a  certain  proc¬ 
ess  tolerance  or  deviation  from  nominal  targets  The  result¬ 
ing  EFL  range  must  ue  considered  in  the  cable  design  with 
the  minimum  EFL  determining  the  tensile  requirement  and 
the  maximum  EFL  determining  the  antibuckiing 
requirement 

The  second  practical  consideration  is  the  distribution  of  the 
EFL  within  the  buffer  tube  The  helix  equation  assumes  a 
uniform  helix  is  created  to  accom  odate  the  extra  length 
of  the  fiber  In  practice  any  helix  formed  will  be  non- 
uniform  to  a  certain  extent,  resulting  in  fiber  bend  radii 
smaller  then  those  predicted  by  the  helix  equation.  This 
phenomenon  is  closely  related  to  cable  material  properties 
and  process  technology 


2.2  Filling  Compound  Selection 

Filling  Compound  Functions  -  A  buffer  tube  filling  com¬ 
pound  is  used  to  prevent  the  intrusion  of  water  and  other 
liquids  into  the  cable  A  compound  should  be  non-volatile, 
non-toxic,  and  chemically  compatible  with  the  optical  fibers 
and  other  cable  materials  The  rheological  behavior  of  a 
compound  Is  also  critical  to  the  manufacture  and  installed 
performance  of  a  longitudinal  buffer  tube  cable 
Rheologir.-l  measurements  are  conducted  by  measuring 
the  shear  stress  generated  in  a  material  as  a  function  of 
temperature,  time,  and  shear  rote. 

Rheological  Characteristics  -  Ideally,  the  viscosity  of  a  fill¬ 
ing  compound  for  an  optical  cable  will  be  in  the  same  order 
of  magnitude  at  the  high  and  low  temperature  extremes 
experienced  by  me  cable.  At  low  temperatures,  the  com¬ 
pound  should  be  fluid  enough  to  allow  the  optical  fibers  to 
move  and  remain  stress-free;  at  high  temperatures,  the 
compound  should  be  viscous  enough  to  remain  in  the  cable 
when  tested  according  to  compound  flow  tests  (eg.. 
Bellcore  65°C  drip  test’.  REA  80°C  drip  test*).  Figure  1 
illustrates  the  rheological  behavior  of  two  filling  compounds 
versus  temperature:  all  other  factors  being  equal,  com¬ 
pound  A  would  be  the  best  choice  for  fiber  optic  cables 

The  effect  oi  shear  rate  on  filling  compound  viscosity  plays 
a  key  role  in  the  successful  manufacture  of  buffer  tubes 
Figure  2  shows  a  typical  filling  compound  "flow  curve": 
curve  i  is  trie  si  -jai  stress  versus  shear  rate  curve  for  the 
compound  from  a  shear  rate  of  0  sec-'  to  100  sec-'  (up 
ramp);  curve  2  Is  the  shear  stress  versus  shear  rate  from 
100  sec-’  to  0  sec-’  (down  ramp).  The  area  between  curves 
1  and  2  of  Figure  2  is  an  indication  of  the  amount  of  time 
dependent  shear  effects  -  or  thixotropy  -  of  the  filling  com¬ 
pound  Figure  3  shows  the  viscosity  versus  shear  rate  for 
the  two  curves  contained  in  Figure  2  Typically.  Ihe  filling 
compound  viscosity  will  drop  with  increasing  shear  rates, 
as  seen  in  Figure  3 

In  order  to  produce  filled  buffer  tubes  with  the  desired  EFL 
and  EFL  tolerance,  the  effect  of  shearing  caused  by  proc 
essing  equipment  on  the  filling  compound  viscosity  must  be 
measured,  understood,  and  controlled  Fluctuations  In 
processing  conditions  can  result  in  wider  EFL  tolerances 
and  uneven  EFL  distribution  along  the  length  of  the  buffer 
tube. 

Time-dependent  filling  compound  behavior  also  plays  a  role 
in  the  design  and  manufacture  process  The  rate  at  which 
a  filling  compound  recovers  its  initial  viscosity  (if  at  all)  after 
shearing  affects  the  short-term  and  long-term  optical  and 
mechanical  behavior  of  the  fibers  in  the  filled  buffer  tube 

Long-term  Compound  Stability  -  Most  optical  cable  filling 
compounds  are  composed  of  bler.ds  o<  some  of  Ihe  follow¬ 
ing  materials  waxes,  natural  and  synthetic  oils,  polymers, 
silicone  oils,  petrolatum,  gels,  thickening  agents,  and  thi¬ 
xotropic  agents  These  blended  compounds  have  a  ten¬ 
dency  to  sepai ate  into  individual  components  over  time, 
which  can  lead  to  major  changes  in  the  composition  and 
viscosity  of  the  filling  compounds  and  result  in  unpredict¬ 
able  long-term  capie  performance 
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An  oil  separation  test7,  originally  developed  to  predict  filling 
compound  drip  performance,  can  be  used  to  predict  the 
long-term  physical  stability  of  cable  filling  compounds. 
Based  on  evaluations  of  prototype  cables,  filling  com¬ 
pounds  with  an  80°C  oil  separation  value  of  20%  or  less 
(total  weight  loss)  can  produce  cables  with  good  long-term 
stability. 

2.3  Cable  Antibuckling 

Cable  Contraction  Theory  -  Cable  shrinkage  caused  by 
thermal  contraction  of  polymeric  cable  materials,  occurs  as 
the  cable  Is  cooled  If  cable  shrinkage  is  great  enough,  the 
fibers  will  form  a  tighter  helix,  becoming  compressed  into 
smaller  bend  radii,  and  attenuation  increases  can  result 

In  order  to  reduce  cable  contraction,  antibuckling  elements 
are  incorporated  into  the  cable  design  The  antibuckling 
materials  have  thermal  expansion  coefficients  (a)  in  the 
same  order  of  magnitude  as  the  glass  optical  fibers;  they 
also  possess  high  Young's  modulus  values  (E),  enabling 
them  to  withstand  the  shrinkage  forces  generated  by  the 
other  materials 

Some  cable  designs  use  metallic  wires  or  rods  as  antl- 
buckling  elements  Advantages  of  metallic  antibuckling  ele¬ 
ments  are  relatively  low  costs  and  high  modtilus/area 
ratios.  Other  cable  designs  rely  on  glass/resin  composite 
rods  (GRP,  FRP)  with  high  glass-to-resin  ratios  Advantages 
of  GRP  materials  include  no  lightning,  corrosion  or  H2 
generation  problems. 

A  new  approach  to  achieving  antibuckling  in  fiber  optic 
cables  is  to  use  lightly-impregnated  fiberglass  rovings 
These  rovings  are  coupled  to  the  cables  through  special 
processing  techniques  which  take  advantage  of  the  high 
modulus  and  low  shrinkage  of  the  fiberglass  Advantages  of 
this  approach  include  more  flexible  cables,  easier  fiber 
access,  and  more  space-effective  cable  designs 

Calculating  Antibuckling  Requirements  -  It  is  necessary  to 
first  calculate  the  antibuckling  requirements  of  a  cable 
design  in  order  to  determine  the  amount  of  antibuckling 
material  to  incorporate  into  the  design.  A  number  of  meth¬ 
ods  have  been  previously  discussed  in  the  literature.  The 
most  common  approach  Is  calculating  the  effective  cable 
thermal  expansion  coefficient  and  cable  contraction  strain 
with  the  rule-of-mixtures  8 

In  the  rule-of-mixtures,  the  values  for  modulus  and  thermal 
expansion  of  all  cable  materials  are  selected  at  one  spe¬ 
cific  temperature.  These  properties  are  highly  temperature 
depenoent.  Using  23°C  values  for  E  and  o  for  thermo¬ 
plastics  may  cause  strain  predictions  to  be  lower  than  what 
actually  occurs.  A  more  conservative  approach  is  to  use 
-40°C  values  for  E  and  a,  which  will  predict  higher  strain 
values.  The  most  accurate  approach  should  be  to 
characterize  the  relationships  of  modulus  and  thermal  ex¬ 
pansion  for  each  material  over  the  entire  temperature 
range  of  the  cable.8  Then,  the  E(T)  and  o(T)  functions  can 
be  substituted  into  the  rule-of-mixtures  equation  and  inte¬ 
grated  over  the  desired  temperature  range 

Measurement  Technique  -  A  procedure  was  developed  tc 
measure  actual  cable  shrinkage  using  strain  gages  Using 
the  manufacturer's  recommendations,  a  strain  gage  was 
glued  onto  the  midpoint  of  a  30-meter  cable  sample  with 


the  gage  aligned  along  the  longitudinal  axis  of  the  cable 
segment  The  strain  gage  was  connected  'o  an  automated 
strain  measurement  system  composed  of  a  Wheatstone 
bridge  circuit,  thermocouples,  and  data  acquisition  unit 
(see  Figures  4  and  5). 


Rs  Gages  mounted  on  steel  blocks 
Rg  Gages  mounted  on  tesi  cables 


FIGURE  4  —  Schematic  Circuit  for  Strain  Channels 


FIGURE  5  —  Automated  Multichannel  Cable  Strain  Measurement  System 


The  prepared  cable  seqments  were  loosely  coiled  and 
placed  in  a  temperature  chamber  programmed  with  the 
desired  temperature  cycle  (room  temperature  to  40°C  at  a 
ramp  of  2  5°C/hour)  With  the  aid  of  a  data  analysis  pro¬ 
gram.  shrinkage  and  strain  versus  temperature  graphs 
(Figure  6)  were  created 
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FIGURE  6  -  Sample  Cable  Shrinkage  Graph. 


Predicted  versus  Actual  Shrinkage  -  Table  1  shows  pre¬ 
dicted  values  ot  cable  shrinkage  for  a  number  of  different 
cable  designs  compared  to  the  shrinkage  measured  with 
the  strain  gage  technique  detailed  above  The  predicted 
values  were  calculated  with:  1)  room  temperature  Young's 
modulus  and  thermal  expansion  values  for  cable  materials; 
2)  -40 °C  E  and  a  values:  and  3)  E(T)  and  a(T)  functions 
integrated  from  23°C  to  -40°C. 


Predicted  %  Shrinkage: 

Cable 

Measured 

23°C 

-40°  C 

Integration 

# 

%Shrlnkage 

E  &  a 

E  &  a 

of  E(T)  8  a  (T) 

1 

0.86 

1.02 

0.81 

0  92 

2 

0.22 

0.14 

0.22 

0.18 

3 

0.11 

0.09 

0.14 

0.12 

4 

0.08 

0.08 

J.12 

0.10 

3.0  CABLE  EXPERIMENTS 

Two  prototypes  were  produced  to  evaluate  the  design  tech¬ 
niques  presented  here  Included  are  general  descriptions 
ot  design  parameters  and  the  performance  of  each  cable  In 
key  mechanical  and  environmental  tests 

3.1  Cable  A 

Design  -  Cable  A,  intended  for  direct  buried,  duct  and 
aerial  applications,  contains  up  to  12  single  mode  fibers. 
The  color-coded  fibers  are  packaged  n  a  single,  filled  tube 
positioned  longitudinally  in  the  center  of  the  cable  High 
strength  yarns  are  stranded  around  the  buffer  tube  provid¬ 
ing  the  required  tensile  strength  The  yarns  are  saturated 
with  flooding  compound  ensuing  the  entire  cable  of  being 
water-blocked  Corrugated  steel  tape  is  longitudinally  ap¬ 
plied  around  the  core  protecting  the  buffer  tube  An  adhe¬ 
sive  is  applied  over  the  steel  armor  and  is  followed  by  an 
extruded  polyethylene  jacket.  The  outer  diameter  of  the 
finished  cable  is  10.5  mm  A  cross-sectional  view  of  the 
cable  is  presented  in  Figure  7 


TABLE  1  —  Cable  Shrinkage  Actual  8  Predicted  Test  Results 


I 

The  predicted  shrinkage  values  correlated  very  well  with 
the  actual  shrinkage  behavior  of  the  four  cable  designs 
reported  in  Table  1  The  table  also  indicates  the  wisdom  of 
using  conservative  approaches  to  calculating  the  predicted 
shrinkage  of  cable  designs  The  predictions  obtained  from 
the  calculations  which  used  the  -40°C  E  and  a  values  were 
|  much  closer  to  the  actual  measured  values  than  the  predic¬ 

tions  made  using  23°C  E  and  values 


FIGURE  7-  Cross-section  of  Cable  A. 
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Tensile  and  contraction  windows  for  the  cable  are  achieved 
by  assembling  the  fibers  Inside  the  buffer  tuoe  In  a  helical 
configuration  as  described  earlier.  This  feature  allows  un¬ 
restricted  fiber  movement  within  the  buffer  tube,  providing 
a  tensile  window.  Likewise,  at  low  temperatures,  fiber 
movement  accommodates  cable  shrinkage  by  decreasing 
the  pitch  of  the  fiber  helix.  Note  that  the  armor  provides  the 
only  antibuckling  for  this  cable,  and  significant  fiber  move¬ 
ment  is  necessary  to  ensure  good  performance. 

The  success  of  this  particular  design  relies  on  the  accuracy 
with  which  the  EFL  Is  created  and  its  distribution  inside  the 
buffer  tube.  Excess  fiber  length  was  measured  using  a  me¬ 
chanical  excess  length  measuring  device.'0  The  measure¬ 
ments  were  then  verified  by  performing  a  tensile  test  where 
fiber  strain  was  determined  using  the  time-of-flight  method. 

Performance  -  The  cable  exhibited  excellent  environmental 
and  mechanical  characteristics.  In  most  cases,  the  pro¬ 
totype  was  tested  beyond  what  the  specifications  called  for 
to  determine  the  integrity  of  the  cable  design.  Test  results 
are  shown  in  Table  2  with  typical  temperature  cycling 
performance  displayed  in  Figure  8 


Test 

Bellcore  TR-20 
Requirement 

Result 

Temp  Performance 
-40'  C  to  +70°  C 

80  %<0.1  dB/km 

20%  <0.2  dB/km 
attn.  change 

<0.1  dB@  1550 
<0.1  dB@  1300 
all  fibers 

Tensile  Strength 

<0.1  dB  attn.  change 
@  2700  N  load 

pass 

Impact 

<0.2  dbattn.  change 
after  25  impacts 

0  dB  for  300+ 
impacts 

Compressive  Strength 

<0.1  dB  attn.  change 
@  440  N/cm 

0dB@ 

440  N/cm 

Cyclic  Flexing 

<0.1  dB  attn.  change 
after  25  cycles 

0  dB  for  500+ 
cycles 

Cold/Hot  Band 

<0.2  dB  attn.  change 
after  4  turns 

0.1  OdB  cold 

0  01  dB  hot 

Compound  Drip 

no  drippage  after 
24hrs@65°C 

pass 

TABLE  2  -  Test  Results  of  Cable  A 
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FIGURE  8-  Attenuation  During  Temperature  Cycling  for  Cable  A, 
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3.2  Cable  B 


Design  •  This  cable,  like  Cable  A,  was  designed  and  lested 
with  applications  of  12  fibers  or  less  .n  mind.  The  construc¬ 
tion  consists  of  a  single,  tilled,  loose  tube  containing  the 
colored  fibers.  Around  the  tube  are  stranded  high  strength 
yarns;  in  this  case,  special  lightly  impregnated  glass  yarns 
along  with  conventional  glass  rovings.  A  flooding  com¬ 
pound,  corrugated  steel  tape  and  polyethylene  jacket  com¬ 
plete  the  construction.  Figure  9  shows  a  cross-section  of 
the  cable 

Cables  A  and  B  are  very  similar  in  concept  but  represent 
different  extremes  with  respect  to  design  parameters.  The 
purpose  of  producing  this  prototype  was  to  demonstrate 
that  a  broad  range  of  design  parameters  could  result  In 
successful  cables  given  the  proper  process  capability. 

Cable  B  differs  from  the  prototype  first  discussed  in  that  a 
smaller  tube  with  less  EFL  is  used.  In  addition,  because  the 
smaller  tube  allows  less  room  for  the  fiber  helix  to  form, 
significantly  greater  antibuckling  Is  required  to  minimize  the 
cable  contraction  at  low  temperatures  so  that  the  fibers  do 
not  experience  severe  bends  The  antlbuckllng  Is  achieved 
through  the  use  of  the  Impregnated  glass  yarns  mentioned 
earlier  and  through  some  contribution  from  the  steel  armor. 
Tensile  requirements  are  fulfilled  through  the  use  of  the 
Impregnated  yarns  with  the  addition  ot  conventional  glass 
rovings  to  achieve  the  full  2700  N  target  rating 

Performance  -  As  with  Cable  A.  the  performance  of  Cable 
B  was  excellent.  Table  3  summarizes  the  test  results  and 
Figure  10  is  a  representative  graph  of  the  fiber  attenuation 
during  temperature  cycling.  The  results  o(  the  temperature 
cycling  were  considered  critical  to  the  evaluation  of  the 
impregnated  glass  yarns  as  antibuckling  members.  The 
performance  at  -40°C  after  the  85°C  heat  soak  demon¬ 
strates  that  the  technique  is  successful. 


MDPE  JACKET 
STEEL  ARMOR 
STRENGTH  MEMBER 
BUFFER  TUBE 
FILLING  COMPOUND 


FIGURE  9-  Cross-section  of  Cable  B. 


Test 

Bellcore  TR-20 
Requirement 

Result 

Temp.  Performance 
-40°  C  to  +70°  C 

80  %<0  1  dB/km 

20%  <0.2  dB/km 
attn.  change 

<0.1  dB@  1550 
<0.1  dB@  1300 
all  fibers 

Tensile  Strength 

<0.1  dB  attn,  change 
@  2700  N  load 

pass 

Impact 

<0.2  db  attn.  change 
after  25  impacts 

0  dB  for  300+ 
impacts 

Compressive  Strength 

<0.1  dB  attn.  change 
@  440  N/cm 

0dB@ 

800+  N/cm 

Cyclic  Flexing 

<0.1  dB  attn.  change 
after  25  cycles 

0  dB  tor  500+ 
cycles 

Cold/Hot  Bend 

<0.1  dB  attn.  change 
after  4  turns 

0  dB  cold 

0.03  dB  hot 

Compound  Drip 

no  drippage  after 

24  hts  @  65°  C 

pass 

TABLE  3  -  Test  Results  of  Cable  B 
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FIGURE  10-  Attenuation  During  Temperature  Cycling  for  Cable  B. 
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4.0  CONCLUSION 


REFERENCES 


A  general  discussion  has  been  made  of  loose  tube  cable 
design,  focusing  on  considerations  for  lower  fiber  count 
cables.  Design  equations  have  been  presented  based  on 
the  helix  equation  that  models  the  distribution  of  fibers  in  a 
loose  tubs.  Consideration  has  been  given  for  choosing  a 
filling  compound  for  the  buffer  tubes,  and  several  tests 
have  been  described  for  predicting  performance  of  a  filling 
compound  in  the  finished  cable  Various  methods  of 
achieving  antibuckling  have  been  examined,  including  a 
new,  less  expensive,  lightly-impregnated  fiberglass  roving. 
A  test  has  been  devised  to  determine  the  exact  antibuckl- 
Ing  contribution  of  a  given  element 

Two  separate  classes  of  low  fiber  count  cables  have  been 
designed,  prototyped,  and  tested  The  first  of  these.  Cable 
A,  used  a  large  buffer  tube  with  relatively  high  EFL.  and 
was  designed  to  allow  fiber  movement  across  temperature 
extremes  The  second  cable.  Cable  B,  was  designed  with  a 
philosophy  of  restricting  fiber  movement  by  using  a  large 
amount  of  antibuckling  Each  of  ihe  prototypes  tested  well 
in  comparison  to  Bellcore  TR-20  specifications 
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LXE  -  A  FIBER-OPTIC  CABLE  SHEATH  FAMILY 
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As  fiber-optic  transmission  penetrates  the  loop  distribu¬ 
tion  network,  frequent  sheath  entry  for  splicing  into  a 
tapered  network  will  be  required.  A  cable  design  main¬ 
taining  strength-member  continuity  through  the  splice 
closure  particularly  suits  applications  with  many  branch 
splices.  A  new  cable  sheath  family  called  LXE  addresses 
this  need  by  placing  two  opposed  linear  strength 
members  outside  the  cable  core  in  a  plane  passing 
through  the  neutral  axis  of  the  cable.  Metallic  and 
rodent-lightning  armored  constructions  are  presently 
available  and  a  non-metallic  construction  is  currently 
under  development.  These  sheath  designs  are  used  with 
the  proven  Lightpack®  cable  core  construction  with  up 
to  90  fibers  and  were  evaluated  with  laboratory  testing 
and  field  installations.  Mechanical  and  optical  perfor¬ 
mance  is  excellent,  completely  consistent  with  current 
industry  standards  for  long-haul  arid  trunk  cables.  The 
LXE  Lightpack  cable  family  offers  standard  performance 
and  easy  entry  in  a  compact  size  suitable  for  under¬ 
ground,  buried,  and  aerial  applications. 

2.  INTRODUCTION 

As  fiber-optic  transmission  penetrates  the  loop  distribu¬ 
tion  network,  it  appears  that  a  tapered  architecture 
similar  to  that  for  copper  plant  is  evolving  for  fiber-optic 
cable.  In  this  Serving  Area  Concept  (SAC)  approach, 
the  dedicated  channels  for  an  individual  customer 
extend  from  a  Remote  Terminal  (RT)  into  a  branching 
tapered  network.  The  large  fiber  count  backbone  cables 
will  branch  into  smaller  count  laterals  which  will  in  turn 
separate  into  single  or  multiple  drops  for  businesses  or 
residences,  as  illustrated  in  Figure  1.  This  tapered 
architecture  results  in  many  branching  splice  points. 
Therefore,  frequent  entry  into  the  backbone  and  lateral 
cables  will  be  common,  with  both  ”nd  and  mid-span 
splices. 

A  new  Lightguide  cable  family  addresses  this  need  by 
combining  the  benefits  of  the  Lightpack®  cable  core  con¬ 
struction  with  a  unique  new  sheath  family  called  LXE. 
LXE  Lightpack  cables  offer  enhanced  sheath  entry  com¬ 
bined  with  the  easy  fiber  access  of  Lightpack  rabies. 
Easy  access  to  all  of  the  cable's  fibers  while  retaining  the 
sheaths  tensile  strength  is  referred  to  as  "Express 
Mntrv." 


Linear  strength  members  embedded  in  the  jacket 
enhance  sheath  entry  and  maintain  flexibility  in  a  com¬ 
pact,  rugged  construction.  LXE  designs  are  offered  with 
a  standard  600-pound  (2700-N)  tensile  rating  and  are 
intended  for  underground,  buried,  or  aerial  installation. 
With  up  to  96  fibers,  LXE  Lightpack  cables  are  suitable 
for  the  backbone  and  lateral  applications  described 
above  and  offer  excellent  optical  performance. 

S.  SUL' A  77/  DESIGN 

3.1  Linear  Strength  Members 

Fiber-optic  cable  designs  must  limit  axial  strain  on  the 
fibers  during  installation  to  insure  their  performance. 
While  tensile  loading  strain  is  equal  across  the  cable 
cross  section,  bending  anu  torsional  strains  vary  within 
the  cable.  For  axisymmetric  cable  structures,  pure 
bending  and  torsional  strains  increase  from  zero  at  the 
cable  center  to  maximum  values  at  the  outside  surface, 
with  larger  cables  having  higher  strains  under  similar 
installation  conditions.  For  example,  when  bent  around 
a  10-inch  radius,  a  1-inch  diameter  cable  experiences  5°r 
maximum  tensile  strain  at  the  outside  of  the  bend,  2.5r’t 
strain  halfway  to  the  center,  but  zero  strain  at  the 
center. 

The  original  crossplv  cable  design  inherently  minimized 
fiber  strain  by  locating  the  fibers  in  a  single,  central  core 
tube  with  strength  members  uniformly  distributed  on 
the  outside.2.  Embedding  strength  members  in  the 
sheath  layers  rather  than  the  cable  center  also  provides 
a  composite  reinforced  tube  which  results  in  a  compact 
construction  and  enhances  fiber  protection.  The 
strength  members  in  the  crossplv  and  similar  sheaths  are 
helically  applied  within  the  jacket  for  flexibility  and  sta¬ 
bility  during  bending,  allowing  a  tight  bend  radius 
without  kinking. 

In  keeping  with  these  features,  the  LXE  concept  places 
parallel  linear  strength  members  aligned  with  the  core 
on  opposite  sides  to  allow  easy  core  access.  Two  oppos¬ 
ing  roinpressivcl y-stiff  strength  members  in  the  sheath 
are  the  minimum  n  .mber  to  maintain  the  advantages  of 
a  single  centrally  located  core  tube.  These  two  opposing 
rod-like  members  always  force  the  neutral  axis,  the  line 
of  zero  strain  in  pur*-  bending  to  pass  through  'heir 
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centers  and  the  core  center.  This  bending  behavior,  res¬ 
tricted  to  a  single  plane,  is  called  preferential  bending 
and  is  illustrated  in  Figure  2.  Rope-like  elements  adja¬ 
cent  to  the  rods  can  contribute  to  a  higher  tensile  load 
rating. 


W-  «  oe  CABLE 


Figure  2.  Neutral  Axis  of  Bending 


The  LXE  construction  requires  no  helical  lay  since  the 
strength  member  location  causes  preferential  bending, 
minimizing  strain  and  providing  flexibility  and  stability. 
Preferential  bending  is  accomplished  by  local  twisting 
and  is  not  apparent  to  the  user,  requiring  no  special 
handling  procedures  for  any  installation.  Extensive  test¬ 
ing  has  shown  that  regardless  of  the  direction  of  the 
bend,  under  any  combination  of  additional  tensile  and 
torsional  loads,  the  cable  will  twist,  locally  to  maintain 
the  neutral  axis  through  the  strength  members  and  core, 
minimizing  fiber  strain.  This  testing  is  further  discussed 
in  the  Mechanical  Performance  section,  below  . 

Since  there  is  no  helical  lay,  the  strength  members  have 
no  tendency  to  twist  the  cable  when  under  installation 


tension.  Torsional  stability  against  externally  applied 
twisting  during  installation  is  provided  by  the  cable's 
composite  construction. 

i.S  Armored  LXE  Description 

Two  types  of  metallic  armored  EXE  sheaths  arc  avail¬ 
able:  the  standard  EXE  sheath  (EXE-ME)  and  the 
rodent-lightning  resistant  EXE  sheath  (EXE-RE).  Fig¬ 
ures  3  and  1  are  cross-sectional  and  three-dimensional 
views  of  the  metallic  EXE  Light  pack  cable  designs.  The 
standard  EXE  sheath  incorporates  the  industry-standard 
6-mil  electrolytieally-ohrome-coatod  steel  (EEC'S)  armor. 
The  armor  of  the  L.XE-RL  sheath  is  the  ATUT  bimetal 
of  3-mil  301  stainless  steel  bonded  to  5- mi  I  copper. 1 
Both  the  EEC'S  and  bimetal  armors  are  bonded  to  the 
cable  jacket  with  an  adhesive  for  improved  bending  per¬ 
formance  and  increased  strength  and.  for  the  EEC'S 
armor,  to  help  retard  corrosion.  ’  1  Both  are  corrugated 

for  flexibility  and  formed  with  a  longitudinal  overlapped 
seam.  Under  the  armor  are  a  rip  cord  to  assist  in  sheath 
removal  and  a  water-blocking  core  wrap  surrounding  the 
cable  core. 

Outside  the  at  mor  lie  the  two  linear  st <  -i  strength 
members  with  tensile  load  capacity  equal  to  the  strength 
members  in  the  cross  ply :  or  Primary 

Rodent/Eight ning3  sheaths.  The  armor  and  strength 
members  are  encapsulated  by  a  high-density 
polyethylene  <acket  which  bonds  to  the  armor  and  com¬ 
pletes  the  composite  structure.  Water  blocking  elements 
are  also  included  under  the  jack-t. 

In  this  construction,  the  sheath  components  form  a  com¬ 
posite  structure  that  responds  mechanically  as  a  single 
unit.  The  jacket -to-armor  bond  enhances  hoop  strength 
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HOPE  Jacket 

Steel  Armor:  ECCS  or  Cu.'SS 
Water  Blocking  Tape 
Ripcord 

Wire  Strength  Member 
HDPE  Core  Tube 


Figure  3.  Armored  LXE  Lightpack®  Cable 

and  evenly  distributes  bending  and  torsional  strains.14, 
Thus,  the  cable  with  cither  armor  has  good  crush  resis¬ 
tance  and  allows  tight  bends  or  twists  without  kinking 
or  buckling. 

3.  3  Proposed  Xonmetallic  LXE  Design 

In  the  spirit  of  linear  strength  member  design,  two 
nonmetallic  strength  members  would  be  simplest  con¬ 
struction  for  a  nonmetallic  sheath.  Size  and  economy 
considerations,  however,  may  require  a  combination  of 
rigid  and  flexible  strength  members.!'  This  combination 
must  provide  the  600-pound  (2700-N)  load  rating. 

In  a  proposed  nonmetallic  design  currently  under 
development,  an  overlapping  water-blocking  tape  is 
longitudinally  applied  over  the  core  tube.  Over  that, 
two  opposing  rigid  strength  members  are  longitudinally 
applied  ale  ig  with  rip  cords.  Additional  tensile  stiffness 
may  he  provided  by  flexible  strength  members  adjacent 
to  the  rigid  ones.  The  cable  construction  is  completed 
with  a  high-densitv  polyethylene  jacket  which  encapsu¬ 
lates  all  the  strength  members  and  forms  a  composite 
struct  ure. 


The  rigid  rods  preferentially  locate  the  neutral  plane  to 
limit  bending  strain  and  to  control  bending  flexibility. 
Rip  cords  are  placed  along  t he  rods  which  guide  the  rip 
cords  during  sheath  entry.  The  selection  and  placement 
of  the  strength  members  provide  bending  flexibility  and 
ease  of  sheath  entry  along  with  mechanical  integrity  and 
tensile  stiffness  and  strength. 

This  sheath  design  provides  a  compact  and  lightweight 
cable  with  enhanced  fiber  access.  Since  all  strength 
members  are  coupled  to  the  jacket,  the  entire  sheath 
acts  as  a  composite  unit,  facilitating  handling  during  ins¬ 
tallation.  The  cable  lias  good  crush  resistance  and 
allows  tight  bends  and  twists  without  kinking  or 
buckling.  Tiiis  design  provides  excellent  water  blocking 
both  through  the  core  and  the  jacket.  Furthermore,  the 
design  is  all  dielectric  and  therefore  well  suited  for 
lightning  prone  areas. 

4  FEA  Tl  RE  ADVANTAGES 

LXE  Lightpack  cables  are  comparable  in  size  to  their 
crossply  cable  counterparts  and  are  considerably  lighter 
and  more  compact  than  other  cable  designs  for  similar 
Fiber  counts.  Both  armored  LXE  Lightpack  cables  are 
available  in  same  two  sizes:  1  to  -18  fibers  in  a  0.5-inch 
(12. 7-mm)  diameter  cable  and  50  to  05  fibers  in  a  0.6- 
inch  (15.2-mm)  diameter  cable.  Table  !  compares  the  size 
and  weight  of  LXE  Lightpack  cable  to  common  stranded 
fiber-optic  cable  designs. 


Table  I.  LXE  Lightpack®  Cable  Comparisons 


Design 

Fiber 

Count 

OD 

(inch) 

Weight 

m.  /l.f,  v 

Armored  LXE 

18 

0.19 

105 

Light  pack®  Cable 

90 

0.59 

150 

Armored 

18 

0.63 

170 

Stranded  Design 

96 

0.71 

230 
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Smaller  and  lighter  cables  offer  the  advantages  of  longer 
aerial  span  lengths  and  longer  pulls  in  urban  duels  for 
traditional  long-haul  and  trunk  applications.  The  high- 
density  polyethylene  jacket  also  provides  a  low  coeffi¬ 
cient  of  friction  for  duct  ins  .illations  and  protects  the 
fibers  in  harsh  chemical  environments.  Further  advan¬ 
tages  in  loop  distribution  installations  include  easier 
handling  and  the  availability  of  standard  reels  with  long 
stock  lengths  which  may  be  cut  up  into  several  runs. 

The  LXE  sheath  family  was  first  developed  with  the 
Lightpack  cable  core  construction  because  it  is  especially 
well  suited  to  the  multiple  splices  and  mid-span  entry- 
aspects  of  the  loop  distribution  environment.  While  LXE 
Lightpack  caliles  currently  offer  fiber  counts  up  to  96, 
ribbon  core  versions  of  the  LXE  cable  sheath  family  are 
under  development  for  higher  fiber  counts. 

5.  SHEA  77/  ENTR  V 

As  discussed  above,  fiber-optic  transmission  in  the  loop 
may  adopt  a  tapered  network  similar  to  current  copper 
plant,  requiring  frequent  branch  splicing  and  frequent 
sheath  entry.  LXE  Lightpack  cables  were  developed  to 
address  this  need.  The  helically  applied  strength 
members  in  the  crossply  cable  design  have  been 
integrated  and  moved  to  two  locations  on  either  side  of 
the  cable  and  rip  cords  are  added.  The  result  is  a  more 
readily  accessible  cable  core  for  either  end  or  mid-span 
entry.  LXE  "heath  construction  expidites  sheath  entry, 
reducing  installation  time  in  the  field. 

The  armored  LXE  sheath  designs  allow  taut-sheath 
mid-span  entries  as  follows.  The  jacket  is  stripped  away 
by  first  shaving  it  to  expose  the  wire  strength  elements. 
The  jacket  halves  are  then  peeled  from  the  armor  over 
the  desired  length,  freeing  the  continuous  wires.  A  small 
opening  in  tin  armor  exposes  i. he  rip  cord  which  slits  the 


armor  in  two  when  pulled,  releasing  the  cable  core.  The 
Lightpack  cable  core  then  provides  direct  access  to  all 
fibers  w  hich  are  enclosed  in  one  large  tube. 

The  nonmetallic  LXE  sheath  under  development  allows 
tnut-slicalli  mid-span  entries  without  cutting  the 
strength  members  as  follows.  The  two  rip  cords  located 
adjacent  to  the  rigid  rods  are  first  exposed  by  shaving 
the  outer  jacket  over  the  rods  for  about  two  inches.  The 
rip  cords  are  t Lien  pulled,  guided  by  the  rods,  to  cut  the 
outer  jacket  into  halves.  The  jacket  halves,  along  with 
the  water  blocking  tape,  arc  peeled  from  the  core  tube, 
freeing  all  the  continuous  strength  members.  This 
exposes  the  Lightpack  cable  core,  providing  direct  access 
to  all  the  fibers. 

Sheath  entries  at  the  cable  end  for  all  LXE  sheaths 
require  only  a  ring-cut  opening  through  the  sheath  to 
expose  the  Lightpack  cable  core  for  one  or  two  inches. 
After  ringing  the  core  tube  as  now  practiced,  the  entire 
sheath  construction,  including  the  core  tube,  is  slipped 
off  the  desired  length  of  fiber. 

e.  r  Eli  forma  set: 

0.1  Mechanical  Performance 

LXE  L.ight pack  cables  were  subjected  to  a  variety  of 
mechanical  endurance  tests  to  assure  superior 
mechanical  performance  in  the  field.  Table  II  summar¬ 
izes  the  battery  of  standard  tests  performed  on  all  out¬ 
side  plant  cables.  They  are  conducted  according  to  both 
the  Bell  Communications  Research  *  (Bellcore)  and  the 
Electronic  Industries  Association 9  (E1A)  test  pro¬ 

cedures.  LXE  Ligh'paek  cables  meet  or  exceed  all  of  the 
requirements.  In  addition.  LXE  Lightpack  cables  have 
passed  all  applicable  mechanical  and  const  ruction  tests 
of  l  h<-  Lie  1 1  core  generic  cable  specification.* 


Table  II.  Mechanical  Tests 

Test 

.Specification4 

Requirement 

Tensile  Strength 

FOTP-33 

§o.3.o 

600  lb, 

IJend  Radius  —  20x  Cable  OI) 

Com pressive  St  rengt h 

I- OTP- 11 
§5.3.1 

1000  llij.  tot nl  load 

Cable  Twist 

FOTP-So 

§5.3.6 

±1X0  Twist,  1(1  Cycles 

Low  and  High  Temperature  Bend 

1  OTP-37 
§o.3.2 

Rend  Radius  =  lux  Cable  ()|) 

•1  Wraps  ea.  at  -20  F.  110  1 

Cyclic  Flex 

EOTP-IU1 

§5.3.7 

Beiiil  Radius  —  1  Ax  Cable  ()|) 

Impact  Resistance 

1  'OTP-25 
§5.3.3 

•">2  ft-lbj.  Impact,  2.)  Cycles 

External  Freezing 

EOTP-9S 
§5. 3.x 

1  hr.  min  freeze  at  -2  ( ' 

i _ i J  _ i _ i 

1  EOTl’s  from  Id  I A  Sid.  RS-bV).  Section  numbers  from  Bellcore  TR-TSY- 
000020.  Issue  :j. 
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LXE  Lightpack  cables  were  also  subjected  to  two  des¬ 
tructive  buried  cable  simulation  tests  in  the  laboratory: 
the  sharp-edge  test  and  the  dynamic-squeeze  test. 

These  tests,  which  abuse  the  cables  well  beyond  the  nor¬ 
mal  load  ratings,  have  become  standard  design  capabil¬ 
ity  tests  for  AT&T’s  outside  plant  lightguide  cables 
since  introduction  with  Lightpack  cable  in  reference  [lj. 

Both  tests  simulate  improper  and  uncommon  cable  plow 
procedures  during  buried  installations.  In  both  tests, 
the  LXE  designs  equaled  or  exceeded  the  performance  of 
the  crossply  design. 

Finally,  as  part  of  AT&T’s  standard  design  capability 
evaluation,  test  lengths  of  LXE  Lightpack  cables  were 
subjected  to  a  series  of  field  installation  handling  and 
placing  trials  at  the  A°l&T  Bell  Laboratories  Chester 
Field  Testing  Laboratory.  The  trials  included  actual  or 
simulated  aerial,  buried,  and  underground  installations. 

The  tests  reproduce  normal  or  extreme  installation  pro¬ 
cedures  and  Table  III  summarizes  the  tests  conducted 
for  each  installation  environment. 

Of  particular  interest  for  LXE  Lightpack  cables  was  the 
Cross  (Perpendicular)  Sheave  Pull,  which  forces  the 
cable  to  bend  under  maximum  load  around  two  small 
sheaves  with  perpendicular  axes.  During  this  test  the 
cables  undergo  90°  twisting  over  approximately  8  inches 
to  accommodate  the  bending  about  perpendicular  axes, 
demonstrating  how  the  linear  strength  members  reorient 
the  cable  during  bending,  maintaining  minimum  strain 
on  the  fibers.  During  all  testing,  all  fibers  wore  moni¬ 
tored  for  loss  and  continuity.  No  adverse  effects  were 
observed  during  either  standard  installation  procedures 
or  abusive  testing. 

Table  III:  Field  Installation  Testing 

•  Max.  Load  Around  -1  "  dia.  Snatch  Block 

•  Normal  Installation  Technique 

•  Abusive  Technique 

-  High  Tension  from  Heavy  Heel 

-  Bending  from  Reel  Offset _ _ _ 

•  Crush  Into  Earth  around  l"  dia.  Pin 

-  approx.  1000  lb  Peak  Loads 

•  Torture  Run  with  Abusive  Plow  Technique 

-  20  ft.  Radius  "S"  Turn 

-  Raise/Lower  Plow  wit',  Stationary  Tractor 

-  .lerk  Starts  ____ _ 

•  Intermediate  Assist  Simulation 

-  Maximum  Load 

-  Twisted  Cable  Racking 

•  Cross  (Perpendicular)  Sheave  Pulls  at  Maximum  Load 

-  15"  Ui.i.  Sheaves 

-  (’-Manhole  Sheave  and  9"  dia.  Sheave 

•  Handpull  with  Backfeed  Handling 

-  "Figure  8  ’  Storage 

-  Free  Loop  Kink 

-  Racetrack  Storage 

•  "f  igure  8"  Crushing  by  Line  Truck 

•  Excessive  Tensile  Load  Retention  with  Wire  Cr’p 

End  Termination  _ 


The  mechanical  test  program  showed  that  LXE  Light¬ 
pack  cables  can  withstand  standard  and  abusive 
mechanical  installation  and  extreme  manual  handling 
without  sheath  damage  or  optical  loss  increase. 

6.2  Optical  Performance 

LXE  Lightpack  cables  were  designed  to  give  the  same 
optical  performance  characteristics  as  the  crossply  Light¬ 
pack  cable.  Figure  5  shows  the  optical  loss  distribution 
from  recent  production  armored  LXE  Lightpack  cables. 
These  cables  were  manufactured  to  meet  a  maximum 
individual  fiber  loss  requirement  of  OHO  and  0.26  dB/km 
at  1310  and  1550  nm,  respectively.  The  mean  values  for 
LXE  are  0.35  dB/km  at  1310  nm  and  0.21  dB/km  at 
1550  nm  which  represent  zero  average  added  loss  from 
cabling  as  with  other  AT&T  cable  designs. 

In  addition  to  room  temperature  optica]  ;o«s,  the 
environmental  performance  of  LXE  Lightpack  cable  was 
investigated.  Figure  6  shows  the  performance  of  several 
LXE  Lightpack  cables  for  a  standard  Bellcore  thermal 
cycle. !f!  LXE  cables  exhibit  the  same  excellent  thermal 
stabiliiv  as  crossply  and  Primary  RL  Lightpack  cables. 

6.S  Rodent  and  Lightning  Performance 

Fiber-optic  cables  in  loop  distribution  plant  will  be  sub¬ 
ject  to  rodent,  lightning,  and  damage  hazards  similar  to 
those  faced  by  other  outside  plant  cables,  although  less 
customer  traffic  is  threatened  in  case  of  severe  damage. 
The  LXE  Light  nack  cable  family  offers  three  types  of 
protection  from  these  hazards. 
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Thermal  Cycle  Performance 


The  two  armored  cables.  LXE-ME  and  I.XE-RL.  offer  a 
graded  level  of  protection  to  both  rodent  and  lightning 
hazards.  Both  have  been  evaluated  with  the  standard 
rodent  tests  10  11  and  with  the  emerging  standard  sand¬ 
box  lightning  simulation  test.1"'  I!  l.XE-ME  offers  pro¬ 
tection  suitable  to  the  lower  capacity  routes  common  in 
loop  applications,  using  the  same  plastic-mated  EC’C'S 
material  for  armor  as  is  commonly  used  by  many  outside 
plant  cables  in  the  industry,  ft  is  rated  al  2.0  (no  armor 
or  core  penetration)  in  the  rodent  test  and  at  80  k.\. 
Bellcore  Level  II. R  for  fiber  counts  up  to  90  in  the 
lightning  test. 

For  applications  where  greater  levels  of  lightning, 
rodent,  or  corrosion  protection  is  desired,  the  I.XE-RI. 
Lightpack  cable  is  available.  It  is  also  rated  at  2.0  in  the 
rodent  test  and  features  corrosion-resistant  stainless 
steel  armor.  Due  to  its  copper  layer,  it  is  rated  higher  in 
the  lightning  test  at  105  kA.  Bellcore  Level  I.8  for  fiber 
counts  up  to  90.  Both  armored  cables  may  be 
oversheathed  with  AT, XT's  B-oversheat h  or  extremely 
hazardous  conditions. 

The  nonmetallie  LXE  design  under  development  is  all¬ 
dielectric  and  therefore  immune  to  direct  lightning  dam¬ 
age.  l.u  lightning-prone  areas  where  rodent  attack  is  riot 
a  throat,  it  will  offer  an  excellent  alternative. 

7  CO.XCIJSIOS 

Tile  LXE  linear  strength  member  sheath  family,  com¬ 
bined  with  the  proven  Lightpack  cable  core,  lias  been 
presented.  Standard  metallic  and  rodent-lightning  resis¬ 
tant  versions  are  presently  available  and  a  nonmetallie 
version  is  under  development.  LXE  Lightpack  cables  are 
rugged,  compact  and  flexible,  featuring  a  composite 
sheath  construction  with  a  standard  fiOO-pound  load  rat¬ 
ing  and  allowing  all  common  placing  procedures.  LXE 


cables  retain  many  crossply  sheath  advantages  while 
offering  enhanced  sheath  entry  tailored  to  the  loop  dis¬ 
tribution  environment . 
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Abstract 

Fully  dielectric  cables  installed  in  pa¬ 
rallel  to  conductors  of  super  high  vol¬ 
tage  lines,  i.e.  with  conductor-conduc¬ 
tor  voltages  of  higher  than  132  kV  suf¬ 
fer  from  tracking  currents  occuring  at 
the  surface  or  even  inside  the  cable 
close  to  the  towers  if  the  cable  is  wet 
or  semi-wet,  e.g.  under  drying  condi¬ 
tions.  The  minimum  result  is  a  slow  ab¬ 
rasion  of  the  jacket,  the  worst  case  the 
complete  destruction  of  the  cable. 

The  problem  can  be  overcome  even  for  very 
high  voltages  by  a  control  of  the  elec¬ 
tric  field  at  the  surface  and  in  the 
cable  interior.  The  control  has  to  be 
made  by  a  well  defined  resistor  which 
is  part  of  the  cable  construction. 

The  resistors  consist  of  a  highly  com¬ 
pacted  concentric  layer  of  pretreated 
Aramid  -yarn  with  a  resistivity  in  the 
range  of  1  to  10  Mil  cm.  Experimental 
installations  in  380-kV-lines  prove  the 
perfect  behaviour  of  the  concept. 


The  transmission  of  non  disturbable 
information  of  any  bandwidth  along  high 
voltage  lines  is  beneficial  not  only 
for  the  utility  companies  operating  the 
line,  but  for  all  who  have  the  right 
to  use  such  a  transmission  path.  Opti¬ 
cal  glass  fibers  can  do  this  job  with 
almost  no  limitations  for  bandwidth  or 
length  of  the  connection.  A  lot  of 
working  fiber  lines  have  been  installed 
around  the  world,  but  almost  all  have 
been  incorporated  in  ground  wires 
(OPGW)  installed  in  similar  ways  to 
ordinary  ground  wires. 

Unfortunately  these  installations,  in 
spite  of  satisfactory  performance, 
leave  several  problems  unresolved: 

1.  The  installation  of  ground  wires  is 
not  usual  for  medium  voltages,  and 
in  some  places  not  even  in  230  kV- 
lines. 


2.  Ground  wires  with  incorporated 
optical  fibers  should  be  larger  and 
heavier  than  ordinary  ground  wires. 
In  certain  cases,  where  ground 
wires  serve  exclusively  as  light¬ 
ning  protectors,  their  cross- 
section  is  very  small  and  cannot  be 
replaced  by  larger  and  heavier  pro¬ 
ducts  without  causing  mechanical 
problems  for  the  poles  or  towers. 

3.  Although  it  is  not  a  problem  to 
provide  new  lines  with  optical 
ground  wires,  the  installation  of 
such  connections  in  existing  lines 
is  difficult. 

Static  and  dynamic  problems  as 
well  as  de-energizing  the  wire 
may  force  the  operating  company  to 
give  up  their  intentions.  Installa¬ 
tion  times,  particularly  in  long 
super  high  voltage  connections, 
can  be  extremely  time  consuming. 


That  is  why  the  idea  of  a  light  weight, 
fully  dielectric  fiber  optic  cable 
installable  in  any  line  at  any  time 
without  the  necessity  to  de-energize 
the  line  is  an  old  and  *«11  under¬ 
stood  but  not  actually  realized 
dream.  In  fact,  there  do  exist  some 
shorter  installed  cables  in  lines  up  to 
132  kV.  What  they  show  in  a  positive 
sense  is  that  the  often  addressed 
mechanical  problems  hardly  exist.  On 
the  other  hand,  all  trials  to  install 
such  cables  in  lines  of  very  high  vol¬ 
tages  have  failed.  The  degree  of 
destruction  ranges  From  a  slow  erosion 
of  the  jacket  sur'ace  to  the  complete 
burning  down  of  the  cable. 

The  simple  reason  is  that  any  semi¬ 
conducting  part  of  the  cable,  e.g.  a 
wet  jacket  surface  or  even  just  some 
humidity  in  a  partially  filled  core, 
attracts  electrical  field  lines.  Conse¬ 
quently,  it  is  loaded  by  a  current 
that  is  dependent  on  the  partial  capa¬ 
citance  between  the  semiconducting  path 
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and  the  high  voltage  system,  as  well  as 
the  ohmic  resistance  of  this  path. 

A  simplified  model  will  give  us  the 
basis  for  a  calculation. (Fig.  1) 


Fig.l:  Electrical  scheme 

of  the  current  situation 


Whatever  position  such  a  cable  may 
have  in  the  cross-section  of  a  high 
voltage  line,  it  will  have  a  resulting 
capacitance  to  the  system  (C.)  and  a 
capacitance  to  ground  (C-).  The  semi¬ 
conducting  path  representing  a  longi¬ 
tudinal  resistance  (R)  is  definitly 
not  homogeniously  distributed  but 
may  be  assumed  to  be.  Inconsistencies 
will  lead  to  steps  in  the  voltage 
distribution  and  to  bridging  gas  dis¬ 
charges  if  the  resulting  electrical 
stress  at  points  of  lower  conductivity 
are  high  enough.  While  the  calculation 
is  boring  the  result  is  not. (Figs.  2 
and  3) 


length  fa’ 

Fig.  2  voltage  cable  to  ground 


length  (m ) 

Fig.  3:  Current  on  cable 


What  we  see  is  a  drastic  fall  of  the 
absolute  currents  along  a  few  meters 
and  the  voltage  passing  a  maximum  which 
enhances  the  electrical  stress  along 
the  cable  In  certain  regions.  The  slope 
of  the  fall  and  the  distance  of  the 
voltage  peak  depend  evidently  on  the 
resistance  of  the  conducting  path.  If 
that  resistance  is  sufficiently  high, 
everything  happens  along  a  few  centi¬ 
meters-,  but  as  the  currents  in  this 
case  are  very  low,  nothing  happens  with 
the  cable.  If  the  resistance  is  low,  we 
need  a  long  length  of  cable  in  order  to 
make  the  current  negligible.  As  the 
conductor  in  all  cases  is  semicon- 
ductive,  such  high  currents  are  dan¬ 
gerous  for  the  cable  and  for  people 
if  such  a  cable  should  be  installed  in 
an  energized  line. 

So  the  target  is:  make  the  longitudi¬ 
nal  resistance  of  that  cable  as  high  as 
possible  to  give  it  the  highest  safety; 
but  as  a  wet  and  dirty  surface  cannot 
be  controlled  by  itself,  a  built-in 
element  of  high  reliability  is  requi¬ 
red.  What  kind  of  an  element  could  that 
be? 

Unfortunately  we  do  not  have  many  op¬ 
tions.  The  element  has  toshave  a  res¬ 
istivity  in  the  range  of  10  -  lo'-ft  •  cm. 

If  it  has  less,  the  minimum  safe  re¬ 
sistance  of  ca .  lO'-fl  /m  cannot  be 
achieved.  This  number  is  given  by  the 
maximum  voltage  to  ground  -  say  300  kV  - 
and  *-he  minimum  distance  phase  to 
ground  -  say  30  m,  which  for  a  safe 
current  to  ground  of  ca .  1  mA  requires 
a  value  of  the  same  order  as  above. 


! 
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If  we  like  to  have  a  satisfactory 
control  of  the  cable  surface,  the 
maximum  value  may  not  exceed  lCr-O.  /m. 
These  values  have  to  be  stable,  non 
aging  and,  most  importantly,  not  de¬ 
pendant  on  electrical  or  mechanical 
stress.  Up  to  this  point  in  time,  there 
is  no  non-exotic  plastic  material  which 
will  quarantee  this  to  us.  Available 
semiconductive  materials  have  resisti¬ 
vities  which  are  by  far  too  low  and  are 
not  stable  enough  for  long  term  relia¬ 
bility.  So,  semiconductive  jackets  are 
out  of  the  question.  All  what  we  can  do 
is  to  use  a  material  with  a  very  large 
sur face-to- volume  ratio  and  to  pretreat 
the  surface  so  that  the  resulting  con¬ 
ductivity  can  live  up  to  the  above  re¬ 
quirements  . 

But  as  the  semiconductive  surface  has 
to  be  loaded  by  currents  in  the  order 
of  0.1  -  1  mA  we  have  to  provide  the 

voltage  controlling  element  with  a 
giant  surface  what  means  the  use  of  a 
large  bundle  of  fine  filaments. 

It  seems  to  be  reasonable  to  combine 
the  two  basic  requirements,  semiconduc¬ 
tion  and  high  mechanical  strength,  in 
one  element  and  to  use  Aramid  yarn 
as  the  supporting  element  with  the 
large  pretreated  surface.  A  cross-sec¬ 
tion  of  ca.  25  mm1  provides  us  with  a 
surface  of  11.1  m2/m  length.  Theoret¬ 
ically  other  yarns  could  be  considered 
also,  e.g.  glass  cr  polyester.  But  nei¬ 
ther  has  a  satisfactory  long  term  me¬ 
chanical  strength.  Moreover,  the  Young's 
modulus  is  too  low  leading  to  high 
weights . 

Therefore,  we  give  the  Aramid  yarn  a 
pretreatment  with  an  ionogenic  fluid 
which  is  chemically  stable  and  neu¬ 
tral  to  bring  it  to  the  highest  pos¬ 
sible  compactness.  This  causes  it  to 
behave  like  a  solid  semiconductive 
material  without  reducing  all  of  the 
other  important  properties. 

As  far  as  we  see  there  is  no  choice  for 
this  source  of  semiconductivity.  We 
have  now  given  the  cable  core  the  be¬ 
havior  of  a  reliable  semiconductive 
resistor  which  gives  the  cable  surface 
the  needed  voltage  control.  This  ex¬ 
cludes  major  irregularities  in  the 
electrical  surface  stress  which  are 
otherwise  caused  by  droplets  or  sepa¬ 
rated  conductive  regions. 

The  electrical  fluw  now  gets  a  second 
path  of  conductivity  R-  which  controls 
the  inevitable  and  unreliable  natural 
path  R  of  the  cable  surface.  As  any 
cable  jacket  has  a  certain  capacitance 
C,  between  core  and  surface,  the  inside 
voltage  control  means  a  surface  control 
as  well . (Fig .  4 ) 


phase 

conductor 


Fig.  A:  control  of  the  cable  surface  F?2 
by  an  inner  element  Bi 


The  remaining  question  is  what  kind  of 
a  jacket  material  should  we  use? 
Generally  and  following  the  aforemen¬ 
tioned  statements,  the  jacket  material 
could  be  freely  chosen.  Practically 
the  choice  is  limited  again.  From  an 
economic  point  of  view  a  black  Poly¬ 
ethylene  should  suffice.  But  if  we  keep 
in  mind  the  risk  of  switchovers  of  any 
kind,  the  jacket  should  have  a  certain 
short  term  heat  and  flame  resistance. 
Furthermore  we  should  see  that  any 
control  of  the  jacket  surface  by  an  in¬ 
terior  element  is  limited  by  the  value 
of  the  capacitance  C,  which  is  higher 
by  a  factor  20  -  40  than  C.  and  C?,  but 
probably  not  always  high  enough  for  ex¬ 
treme  conditions.  This  is  particularly 
true  if  we  do  not  ground  the  Aramid 
yarns  at  each  tower,  but  rely  on  the 
grounding  capacitance  to  the  supporting 
helix  ( Cp. ,  R-  in  Fig.  4).  Therefore  it 
is  recommended  to  give  the  jacket  some 
track  resistance,  which  points  in  the 
same  direction  as  heat  and  flame  re¬ 
sistance  . 

The  final  combination  of  all  of  that 
looks  simple  and  is  simple  to  handle. 

A  cable  was  first  tested  for  its  me¬ 
chanical  behavior  as  a  self-supporting 
cable  in  several  low  voltage  lines  un¬ 
der  most  severe  conditions  for  8  years. 
The  second  step  was  to  apply  it  to 
several  lines  in  the  range  of  110  - 
132  kv.  The  special  applicability  to 
very  high  voltages  has  been  tested  in  a 
220/380  kV  system  where  it  has  been 
installed  in  a  distance  of  2  meters 
from  a  phase  conductor  which  clearly 
gives  higher  C.  values  than  normal.  The 
result  was  a  perfect  long  term  behavior 
without  remarkable  effects  on  the 
jacket  's  surface. 
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We  think  we  have  a  self-supporting 
cable  which  can  be  used  up  to  500  kV 
phase-to-phase  and  can  be  installed 
without  switching  off  the  line. 
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Summary 


Most  designs  of  self-supporting  optical 
powerline  ground  wires  (OPGW)  contain  a 
lot  of  of  dielectric  materials,  such  as 
loose  plastic  tubes,  FRP-rods  and  plas¬ 
tic  tapes . 

This  may  lead  to  a  large  cable  diameter 
and  a  heavy  cable  weight  due  to  the 

surrounding  metallic  armouring  wires. 

In  this  paper  a  OPGW  design  is  presen¬ 
ted,  which  includes  a  minimum  of 

dielectric  materials  by  using  steel 

tubes  to  enclose  the  optical  fibres. 

The  use  of  steel  tubes  enables  the 

design  of  an  OPGW,  which  in  its 
mechanical  and  geometrical  properties  is 
comparable  to  a  normal  ground  wire. 
Moreover,  excellent  optical  performance 
can  be  achieved  by  using  steel  tubes . 


1 .  Introduction 


Self-supporting  ground  wires,  which  are 
used  in  overhead  power  lines  are 
frequently  modified  into  optical  power 
line  ground  wires  (OPGW)  containing 
optical  fibres  for  telecommunication 
applications . 

Most  OPGW  designs  include  all-dielectric 
cable  cores  just  as  fibre  optic  ground 
cables . 

The  metallic  armouring  around  the  cable 
core  determines  not  only  the  electrical 
conductivity,  but  also  the  tensile 
behaviour  of  the  self-supporting  cable. 
The  tensile  properties  must  be  adopted 
to  the  cable  weight. 

The  dielectric  core  leads  to  a  large 
cable  diameter  and  therefore  to  a  heavy 
weight,  as  wind-  and  ice-load  is  a 
function  of  cable-diameter. 


In  this  paper  a  different  OPGW  design  is 
presented,  which  includes  a  minimum  of 
dielectric  materials  leading  to  a  cable 
with  both,  excellent  ground  wire 
properties  and  optical  performance. 

The  main  difference  to  a  conventional 
OPGW  is  the  use  of  steel  tubes  instead 
of  plastic  tubes  to  enclose  optical 
fibres . 

In  the  following,  the  advantages  of 
steel  tubes  over  plastic  tubes  for 
ground  wire  applications  are  discussed 
and  the  design  of  the  steel  tube 
containing  OPGW  is  described. 

The  results  of  the  first  experiments 
with  test  cables  of  the  new  design  are 
presented . 


The  optical  performance  of  cabled 
fibres  depends  on  the  fibre  curvature 
/I  /. 

In  usual  loose  tube  cable  designs  /2,3/ 
this  curvature  is  connected  with  the 
mechanical  operation  range  of  the  cable 
due  to  the  fibre  excess  length  in 
relation  to  the  tube  length  and  due  to 
the  stranding  of  the  tubes  around  a 
central  member. 

Moreover,  also  the  radial  clearance  of 
the  fibres  in  the  tubes  and  the 
stranding  radius  of  the  tubes  determine 
the  mechanical  operation  range. 

Self-supporting  OPGWs  usually  need  a 
large  mechanical  operation  range  of 
about  0.6%  . 

Because  the  largest  possible  portion  of 
the  cable  diameter  is  needed  for 
mechanical  strength  and  electrical 
conductivity  the  diameter  of  the 
dielectric  cable  core  must  be  minimized. 
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This  leads  to  both,  small  radial 
clearance  of  the  fibres  and  small 
stranding  radius  of  the  plastic  tubes, 
which  on  the  other  hand  requires  a  short 
stranding  lay  length  of  the  tubes  to 
achieve  the  desired  operation  range. 

Therefore,  a  minimized  core  diameter  may 
lead  to  critical  fibre  curvature. 

To  avoid  added  loss  or  fibre  strain  in 
this  case,  every  parameter  must  be  of 
small  tolerance  and  well  suited  to  the 
special  application. 

While  the  fibre  excess  length  is 
determined  by  loose  tube  manufacturing 
and  tube  stranding,  the  other  above- 
mentioned  parameters  are  determined  by 
the  geometrical  tolerances  of  the 
tubes . 


2 . 1  loose  tube  production 


Plastic  loose  tubes  are  usually 
manufactured  by  an  extrusion  process, 
whereas  steel  tubes  are  manufactured  by 
a  steel  tape  forming  and  welding  process 
(s . Fig  .  1 )  . 


The  main  process -parameters  are 
temperature  gradients  and  longitudinal 
pulling  forces. 

In  Figs.  2  and  3  the  contraction  and 
elongation  of  the  tubes  are  shown  in 
relation  to  temperature  gradients  and 
applied  longitudinal  forces. 
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Fig . 1  loose  tube  manufacturing 

a.  plastic  tube  extrusion 

b.  steel  tube  forming  and  welding 


Fig. 2  tube  elongation  due  to  winding  up 
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During  the  extrusion  process  as  well  as 
during  the  forming  and  welding  process 
the  tubes  are  exposed  to  temperature 
gradients  due  to  cooling  and  due  to 
longitudinal  wind  up  forces . 


Both  may 
tolerance . 

enlarge 

the 

excess  length 

Therefore , 

the 

main 

tube  material 

properties 

are  the 

thermal 

expansion 

coefficient  and  the  E-modulus. 


Fig. 3  tube  contraction  during  cooling 


As  can  be  seen  from  Fig. 2  and  Fig. 3  a 
better  excess  length  tolerance  can  be 
achieved  with  steel  tubes  than  with 
plastic  tubes. 
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In  addition  the  shrinking  of  plastic 
tubes  after  production  must  be  taken 
into  account,  which  may  enlarge  the 
excess  length. 

A  similar  effect  does  not  occur  for 
steel  tubes. 


2.2  geometrical  parameters 


As  stated  above,  the  mechanical 
operation  range  of  a  loose  tube  cable 
depends  strongly  on  the  radial  clearance 
of  the  fibres. 

For  a  given  cable  design  this  clearance 
depends  on  the  tube  wall  thickness. 
Typical  values  for  the  tube  wall  thick¬ 
ness  are  between  0.1  and  0.3  mm. 

The  extrusion  of  plastic  tubes  with  a 
very  small  wall  thickness  is  a  critical 
process,  whereas  steel  tapes  with  a 
minimal  thickness  of  0.05  mm  and 
excellent  geometrical  tolerances  are 
easily  available. 

Fig. 4  shows  examples  of  the  resulting 
tube  cross  sections. 


3.  OPGW-desian 


The  first  step  to  a  new  OPGW-design  is 
to  modify  a  conventional  design  with  an 
all-dielectric  core. 

An  example  for  such  a  conventional 
design  is  rhe  OPTOFLEX-cable,  which  is 
described  in  the  following. 

6  loose  plastic  tubes  each  containing  2 
optical  fibres  are  stranded  around  an 
FRP-rod . 

The  core  is  covered  with  a  plastic 
sheath  to  keep  the  interstices  of  the 
core  filled  with  a  thixotropic  gel. 

The  protection  of  the  otical  fibre  core 
is  provided  by  a  multifunctional 
flexible  hollow  conductor  made  of  6 
aluminum  alloy  (AA)  profile  wires. 

It  absorbs  the  radial  and  torgue  forces 
of  the  composite  AA/AC-armour  and 
contributes  to  its  load  bearing  and 
conductive  cross  section. 

The  flexible  hollow  conductor  design  is 
important  to  avoid  fatigue  fractures 
often  occuring  on  bending  resistant 
solid  aluminum  pipes  due  to  aeolian 
vibrations . 

In  addition  to  its  rigidity  the  hollow 
conductor  adds  substantially  to  the 
self-damping  properties  of  the  cable  by 
friction  between  the  profile  wires. 

In  the  first  step  of  modification,  the 
dielectric  elements  are  replaced  by 
steel  tubes  and  metal  wires  without 
altering  the  design  of  the  outer 
armouring  layers. 

An  example  is  shown  in  Fig.  5. 


Fig. 4  cross  section  of  steel  tube 

1.4/1. 7  mm  and  of  plastic  tube 
1 . 2/1 . 7  mm 

Because  of  the  smaller  wall  thicknes, 
steel  tubes  therefore  enable  a  larger 
operation  range  for  the  same  cable 
design  with  the  same  fibre  curvature 
than  plastic  tubes. 

This  will  be  shown  in  the  next  section. 


ACS  wire 


Fig. 5  OPGW-design  with  a  minimum  of 
dielectrics 


! 
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Independent  of  the  outer  armouring  the 
cores  of  the  two  designs  are  compared  in 
the  following  section. 


3.1  comparison  of  the  two  different 
core  designs 


In  order  to  compare  the  all-dielectric 
core  with  the  metallic  core,  the 
corresponding  operation  ranges  have  been 
calculated . 

The  calculation  is  based  on  well  known 
formulas  /3  /  and  on  the  following 

assumptions 

-  in  each  case  the  tube  is  stranded 
around  acentral  member  together  with 
five  dummies 

-  The  sizes  of  the  tubes  are  : 
plastic  tube  :  1,2/1, 7  mm 
steel  tube  :  1, 4/1,7  mm 

-  The  stranding  lay  length  is  based  on 
the  mechanical  operation  range  and  the 
minimal  radius  of  fibre  curvature 
which  is  suited  to  the  desired  optical 
and  mechanical  requirements. 

-  The  radius  of  curvature  is  7 0  mm  to 
avoid  added  loss  at  1550  nm  or  50  mm 
to  avoid  only  critical  fibre  strain 
due  to  fibre  curvature. 

-  each  tube  contains  2  fibres 


The  calculation  was  made  for  worst  case 
conditions . 

The  results  of  the  calculation  are 
shown  in  Fig.  6. 


Fig. 6  mechanical  operation  range  for 
the  two  different  OPGW-core 
designs 


As  follows  from  Fig. 6,  the  decrease  of 
the  wall  thickness  of  0.1  mm  leads  to  an 
increase  of  the  operation  range  of  about 
0.1%. 


In  addition,  the  calculation  was  made 
for  core  designs  including  different 
numbers  of  steel  tubes  with  different 
outer  diameters. 

The  core  diameter  is  held  constant  in 
every  case. 


Moreover,  because  the  radial  fibre 
clearance  decreases  with  the  number  of 
fibres  in  a  tube,  the  mechanical 
operation  range  must  be  calculated  for 
different  numbers  of  fibres  per  tube. 

To  give  an  example,  this  calculation  was 
made  for  the  two  different  core  designs 
Nr.l  and  5  of  Tab.l. 


The  results  are  shown  in  Fig. 7. 


6  Nr  t  cor*  0+  2 
•t**i  tub#  2.2/ 2.5  «r 
O  Nr  5  corm  1  +  6 
*t**l  tub*  1.4 '1.7  mi 


numb*'  ol  fibr**  p*r  «t**l  tub* 


Fig. 7  calculated  mechanical  operation 
range  for  different  numbers  of 
fibres  in  a  tube 
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Based  on  the  results  of  the  calcula¬ 
tions,  an  individual  core  design  can  be 
chosen  for  the  special  application. 

3.2  measurement  of  the  mechanical 
operation  range 


To  proof  the  results  of  the  calculation, 
the  mechanical  operation  ranges  of  both, 
the  conventional  OPGW  design  and  the 
corresponding  new  design  (  Nr. 5  )  have 
been  measured. 


4.  Improved  OPGW  with  a  minimum  of 
dielectrics 


In  the  previous  sections  the  improved 
optical  performance  of  an  OPGW 
containing  steel  tubes  instead  of 
plastic  tubes  was  shown. 

Moreover,  the  use  of  steel  tubes 
enables  the  improvement  of  the 
mechanical  and  electrical  properties  of 
the  OPGW. 


To  be  independent  from  the  bending 
sensitivity  of  the  fibres,  the  operation 
range  in  this  case  was  not  terminated  by 
the  loss  increase  but  by  the  increase  of 
fibre  strain  from  zero. 

The  cable  strain  and  the  fibre  strain 
were  measured  simultaneously  during 
loading  the  cable  with  an  increasing 
tensile  force. 


The  aim  of  the  development  was  a  design 
of  a  cable  which  is  comparable  to  a 
usual  ground  wire  in  its  mechanical  and 
electrical  properties  and  which  shows 
better  optical  performance  than  the 
conventional  OPGW-design. 


4 . 1  ground  wire  properties 


The  results  of  the  measurement  are  shown 
in  Fig. 8. 

*T" 


A  self-supporting  ground  wire  consists 
of  a  core  of  galvanized  steel  wires 
serving  mainly  as  tension  elements  and 
of  an  outer  layer  of  aluminum  wires 
serving  mainly  as  electrical  conductors. 


In  order  to  anchor  a  ground  wire  on  the 
top  of  a  tower,  tension  clamps  are  used 
which  crush  the  outer  aluminum  layer  to 
load  the  steel  core. 


I  In  addition,  to  improve  the  behaviour 

|  against  aeolian  vibrations,  damping 

clamps  must  be  mounted  onto  the  ground 
wire. 


fibm  in  conv  OPGW 

f»br«  in  an  OPGW 
.  with  a  minimum  of 


0  50  tOO  150  200 

measuring  point  tensile  load  vs  time 

Fig. 8  measured  mechanical  operation 
range  for  two  different  OPGW- 
designs 


A  ground  wire  must  be  characterized  by 
the  following  main  properties 

-  outer  diameter 

-  weight 

-  ultimate  tensile  strength 

-  E-modulus 

-  electrical  conductivity 

-  thermal  expansion  coefficient 

-  torque  behaviour 


Fig. 8  shows  an  operation  range  of  0.4  % 
for  the  conventional  design  and  of  0.51 
%  for  the  new  design. 

This  result  is  in  good  agreement  with 
the  calculation  of  sec . 3 . 1  (Fig.6). 


The  results  of  this  chapter  show,  that 
by  replacing  plastic  tubes  by  steel 
tubes  with  a  smaller  wall  thickness,  the 
mechanical  operation  range  or  the  number 
of  fibres  per  tube  can  be  increased. 


4 . 2  Improved  OPGW-design 


At  first  sight,  it  seems  to  be  an 
economic  solution,  to  replace  a  steel  or 
aluminium  wire  by  a  steel-tube  enclosing 
optical  fibres. 

The  manufacturing  of  such  an  OPGW  would 
not  be  very  different  from  a  normal 
ground  wire  manufacturing. 
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While  the  mechanical  and  electrical 
properties  of  such  a  simple  OPGW- 
design  would  be  comparable  to  a  ground 
wire,  this  type  of  cable  shows  the  main 
technical  disadvantage,  that  the  steel 
tubes  are  deformed  under  the  radial 
pressure  of  damper  clamps  and  tension 
clamps . 

In  a  crush  test  it  could  be  shown,  that 
this  may  lead  to  added  loss,  as  can  be 
seen  in  the  following. 

A  steel  tube  containing  fibres  was 
crushed  in  radial  direction  by  a 
stemple . 

The  tube  deformation  and  the  attenuation 
of  the  fibres  were  measured  during  the 
radial  load  was  increased. 

As  can  be  seen  from  Fig. 9,  the  fibres 
show  strong  increasing  attenuation  when 
a  critical  tube  deformation  is  reached. 


400  800  1200 

transvana  tore*  (N> 


Fig. 9  measured  added  loss  due  to  radial 
steel  tube  deformation 

So,  to  guarantee  excellent  optical 
performace  under  all  expected  condi¬ 
tions,  the  steel  tubes  in  the  imp-oved 
OPGW-design  must  be  protected  against 
radial  pressure. 

To  avoid  tube  deformation  by  tension 
clamps,  the  0PGW  should  be  feasible  to 
anchoring  by  spirals. 

To  protect  the  steel  tubes  against 
damper  clamps,  armouring  by  profile 
wires  as  shown  in  Fig . 5  is  necessary. 

The  OPGW-design  which  meets  these 
requirements  best  is  shown  in  Fig. 10. 


Fig. 10  Improved  OPGW-design  with  a 
minimum  of  dielectrics 

The  cable  core  includes  a  jelly  filled 
steel  tube  containing  the  optical 
fibres,  which  is  stranded  around  a 
central  aluminum  alloy  wire  together 
with  six  galvanized  steel  wires. 

Around  the  core,  aluminium-alloy  wires 
of  trapezoidal  cross  section  are 
stranded  in  order  to  protect  the  steel 
tube  against  radial  pressure  and  to 
guarantee  anchoring  by  spirals  instead 
of  tension  clamps. 

The  mechanical  and  electrical  properties 
of  this  cable  are  comparable  to  a  ground 
wire  of  corresponding  diameter  as  can  be 
seen  from 
Tab . 2 . 


technical  aerial 
cable  data 

ground  wire 
50/30 

OPGW 

cable  diameter 

mm 

11,7 

11,8 

cable  weight 

kg/km 

378 

380 

supporting 

cross-section 

mm2 

81 

88,2 

i aluminium 
cross-section 

mm2 

51  -2 

65,4 

steel 

cross-section 

mm2 

29,8 

22,8 

ultimate 
tensile  strenght 

kN 

43,8 

51,8 

!  E-modulus 

kN/mm2 

107 

78 

! 

j nominal  short 
time  current 
j  ( t„  =  20  GC  ) 

(/] 

< 

5,1 

6,1 

In  order  to  qualify  the  cable  for 
ground  wire  applications,  the  following 
tests  have  been  done  on  the  improved 
OPGW  : 
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4.3  Mechanical  Tests 


a . )  clamp  test 


To  test  the  influence  of  damper  clamps 
on  the  steel  tube  in  the  OPGW-core, 
damper  clamps  were  mounted  onto  the  OPGW 
with  a  torque  in  the  range  of  46  Nm  as 
shown  in  Fig.  11. 


Fig.  11  damper  clamps  mounted  onto  the 
OPGW 


The  attenuation  of  the  fibres  was 
measured  after  the  clamps  were  mounted. 
After  removing  the  clamps,  the  geometry 
of  the  steel  tube  was  measured  at  the 
location  of  the  clamps. 

Neither  a  measurable  added  loss,  nor  a 
deformation  of  the  steel  tube  due  to  the 
radial  pressure  was  observed. 

Therefore,  the  layer  of  aluminum 
profile  wires  over  the  core  guarantees 
the  protection  of  the  steel  tube  against 
radial  pressure  of  damper  clamps. 


b. )  tension  test 


In  order  to  test  the  anchoring  be¬ 
haviour,  the  OPGW  was  loaded  with 
spirals  as  shown  in  Fig.  12. 


Fig. 12  anchoring  of  the  OPGW  by 

spirals 

While  the  cable  was  loaded  up  to  the 
ultimate  tensile  strength,  the  cable 
strain  was  measured. 

In  addition  the  cable  was  loaded  until 
break . 


The  results  are  shown  in  Tab. 3  in 
comparison  to  corresponding  results  of  a 
normal  ground  wire. 


technical 
cable  data 

ground  wire 
50/30 

OPGW 

calculated 

OPGW 

measured 

cable-<t> 

mm 

11,7 

11,8 

11,8 

E-modulus 

kN/mm1 

107 

78 

81 

breaking 
load  kN 

43,8 

51,8 

54,4 

When  the  breaking  load  was  reached,,  all 
wires  of  the  OPGW  broke  simultaneously 
between  the  anchor  points  in  the  middle 
of  the  span. 

No  slippage  of  the  core  inside  the 
outer  a luminum- layer  was  observed. 

A  typical  break  is  shown  in  Fig.  13 


i 


i 
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'  convention*!  OPGW 


Fig. 13  OPGW  after  breaking 

This  demonstrates,  that  the  steel  core 
of  the  OPGW  can  be  loaded  by  anchoring 
spirals,  so  that  no  tension  clamps  are 
necessary . 


c.)  Torque  behaviour 


Due  to  the  stranding  of  the  armouring 
layers,  an  OPGW  tends  to  twist  during 
the  laying  procedure. 

This  may  lead  to  a  cable  untwist  and 
axraj.  strain  which  exceeds  the  allowed 
value  /4/. 

For  this  reason,  in  most  applications 
non-twist  headboards  are  used  to  prevent 
the  cable  from  twisting. 

But,  this  leads  to  a  complicated  laying 
procedure . 


/ 


improved  OPGW 


0  t 


0 


50 


too 

tensile  stress  (N  mm') 


>50 


Fig. 14  Torque  behaviour  of  the 

conventional  and  the  new  OPGW 

This  improvement  can  be  explained  by 
the  small  cable  diameter  and  the  fact, 
that  the  steel  wires  are  concentrated  in 
the  cable  core. 

So,  no  zero-twist  headboards  are 

necessary  for  the  new  OPGW. 


4.4  Optical  performance 


All  optical  measurements  on  the  improved 
OPGW  have  been  done  on  singlemode 
fibres . 

The  attenuation  after  cabling  and 
during  tensile  loading  was  measured  at 
1300  nm  and  1550  nm. 


a . )  cabling 


The  attenuation  was  measured  after 
every  cabling  step. 


To  compare  the  torque  behaviour  of  the 
new  design  in  relation  to  the  conven¬ 
tional  OPGW,  twist  measurements  have 
been  done  on  both  cables  during  a 
tensile  test. 

The  results  in  Fig. 14  show  the  improved 
torque  behaviour  of  the  new  OPGW  design. 


No  added  loss  due  to  cabling  was 
observed . 

After  cabling,  the  following  attenuation 
values  were  measured  : 

auio  nm  =  0.34  i  0.02  dB/km 

cij 35o  nm  =  0.21  t  0.02  dB/ km 
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b. )  mechanical  operation  range 


A  test  cable  of  the  new  OPGW  design  was 
loaded  two  times  up  to  the  maximum 
aiirwcble  load  over  a  length  of  about 
100m. 

The  attenuation  was  measured  during 
increasing  tensile  force. 

The  results  are  shown  in  Fig. 15. 

8  7 


.  cable 


|  4  * 


^  bbr»  m  imp.  OPGW 

0  50  'OO  ISO  200  250 

measuring  pom«  fensito  toad  vs  tima 


Fig. 15  measurement  of  the  mechanical 

operation  range  of  the  new  OPGW 

Fig. 15  shows,  that  even  at  the  highest 
load  no  increase  in  attenuation  could  be 
measured . 

While  the  measuring  accuracy  of  the 
attenuation  depends  strongly  on  the 
test  length,  the  fibre  strain  can  be 
measured  by  a  phase  shift  method  over  a 
short  test  length  with  a  high  degree  of 
accuracy. 

Therefore,  to  find  out  the  mechanical 
operation  range  of  the  cable,  the  strain 
method  is  preferred. 

The  results  of  the  simultaneous 
measurement  of  the  cable  and  fibre 
strain  are  shown  in  Fig. 16. 


0  12  3  *  6  6  7 


Fig. 16  measured  cable  and  fibre 

strain  during  cable  loading 

The  results  of  the  measurement  are  in 
good  agreement  with  corresponding 
calculations  and  show  the  excellent 
behaviour  of  the  new  OPGW. 


4.5  Further  tests 


The  presented  new  OPGW  design  is  now 
under  study. 

The  most  important  tests  are  described 
above . 

In  our  future  development  we  expect 
further  results  for  additional  test 
conditions,  such  as 

-  lightning 

-  short  current 

-  vibration 

-  temperature  cycling 


The  results  of  these  additional  tests 
will  be  published  in  future. 
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5.  conclusions 

A  new  technique  of  loosely  enclosing 
optical  fibres  into  steel  tubes  has  been 
presented  in  this  paper. 

This  new  type  of  loose  tube  enables  the 
design  of  a  new  OPGW-generation  with  a 
minimum  of  dielectrics . 

Due  to  the  advantages  of  the  steel 
tubes  over  plastic  tubes,  the  new  OPGW 
design  is  characterized  by  improved 
optical  and  mechanical  properties. 

The  result  of  our  development  is  an 
OPGW,  which  is  comparable  to  a  ground 
wire  in  its  mechanical  properties  and  to 
a  conventional  OPGW  in  its  optical 
properties . 

We  are  confident,  that  in  future  the 
cable  will  be  used  in  overhead  power 
lines . 
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SUITABLE  DESIGN  AND  CHARACTERISTICS  UF  OPTICAL  GROUND  WIRE  FOR  1.55pm  WAVELENGTH 
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Abstract 


Two  fypes  of  Composite  Fiber-Optic  Overhead  Ground 
Wire  (OPGW)  for  1.55pm  wavelength  at  which  silica 
based  optical  fibers  have  minimum  optical 
attenuation  have  been  developed. 

One  is  the  long  distance  type  which  consists  of 
low  attenuation  type  fiber  and  highly  reliable 
"Sponge  type"  optical  fiber  unit. 

The  other  is  the  large  capacity  type  which 
consists  of  small  dispersion  type  fiber  and 
high-density  "Spacer  type"  optical  fiber  unit. 

Many  tests  have  made  it  clear  that  both  types  of 
OPGW  have  satisfactory  performances. 


1.  Introduction 


Optical  fiber  telecommunication  systems  have  major 
technical  advantages  in  power  utilities,  such  as 
low-attenuation,  large-capacity  and  immunity  of 
electromagnetic  interference.  Therefore  Composite 
Fiber-Optic  Overhead  Ground  Wire  (OPGW),  which  is 
most  reliable  and  suitable  fiber-optic  media  along 
overhead  power  transmission  lines,  has  been  used 
widely  in  the  world,  containing  1.3pm  SM  fibers. 

To  fulfill  recent  demands  for  longer  distance  and 
larger  capacity  communication  of  power  utilities, 
1.35pm  OPGW  has  been  developed  based  on  the  fact 
that  silica  based  optical  fibers  have  minimum 
attenuation  at  l.35pm  wavelength. 

But,  when  fibers  designed  for  1.3pm  wavelength  are 
used  at  1.55pm  wavelength,  attenuation  will  be 
increased  by  microbending  due  to  cabling  and  high 
temperature  etc.  especially  for  OPGW.  Therefore 
it  is  necessary  to  design  SM  fibers  for  1.55pm 
wavelength  operation,  but  it  is  difficult  to 
optimize  both  attenuation  and  dispersion  at  the 
same  time.  Then,  we  propose  two  types  of  1.55pm 
SM  fibers  for  this  reason. 

In  addition,  two  types  of  Optical  fiber  unit  (OP 
unit)  were  also  designed  for  more  usefull 
application  of  the  above  mentioned  fibers. 


2.  Fiber  design 

The  relationship  among  refractive  index 
difference,  cut-off  wavelength,  zero  dispersion 
wavelength  and  core  diameter  is  shown  in  Fig. 1. 
Assuming  that  cut-off  wavelength  is  1.2pm  and  zero 
dispersion  wavelength  is  1.55pm,  refractive  index 
difference  and  core  diameter  should  be  about  1% 


and  smaller  than  A. 5pm  respectively. 

In  this  case,  attenuation  will  be  large  due  to  the 
increase  of  Rayleigh  scattering. 

On  the  other  hand,  when  refractive  index 
difference  is  smaller,  attenuation  will  be  small, 
but  the  bending  loss  and  dispersion  will  be 
increased. 

Furthermore,  for  the  actual  production,  bending 
properties  for  cabling  process  and  mode  field 
diameter  for  easy  splicing  should  be  considered. 

As  a  result  of  the  above  mentioned  consideration, 
we  designed  two  types  of  fibers  having  simple 
index  profiles  which  are  suitable  for  fully 
synthesized  VAD  (Vapor  Phase  Axial  Deposition) 
methods ; 

One  is  low  attenuation  type  which  is  optimized  for 
attenuation  properties,  and  the  other  is  small 
dispersion  type  which  is  optimized  for  dispersion 
properties.  As  the  profile  of  small  dispersion 
type,  we  adopted  the  triangle  index  profile  which 
has  greater  advantages  than  step  index  profile  in 
low  attenuation  and  large  mode  field  diameter. 

The  characteristics  of  those  two  types  of  fibers 
are  shown  in  Table  1. 


Fig.  1  Parameters  of  Step  Index 
Profile  SM  Fiber 
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Table  1  Characteristics  of  1.55pm  SM  fiber 


Type  of  1.55pm  Stl  fiber 

Low  attenuation  type 

Small  dispersion  type 

Refractive  index  profile 

Step 

Triangle 

Retractive  index  difference 

0.382 

0.85% 

Mode  field  diameter  * 

10. 5jifn 

7 . 7pm 

Cladding  diameter 

125pm 

125pm 

Cut-off  wavelength 

1 .  45^im 

o.y8pm 

Attenuation  at  l*55pn  wavelength 

0 . 1  ydij/km 

0.22dB/km 

Dispersion  at  l.SS^un  wavelength 

Ittps/nn.  km 

1 . 5ps/nm. km 

*  According  to  Petermann I  definition 


3.  Cable  design 

It  is  necessary  for  designing  of  optical  fiber 
unit  (OF  unit)  for  OPGW  to  consider  that  optical 
fiber  cores  should  be  housed  inside  a  small 
aluminum  tube  and  the  inside  space  of  the  tube 
should  be  utilized  effectively. 

Therefore,  we  concluded  that  the  reliable  "Sponge 
type"  is  suitable  for  a  cable  containing 
relatively  snail  number  of  fibers  and  the  high- 
density  "Spacer  type"  is  suitable  for  a  cable 
containing  relatively  large  number  of  fibers. 

Both  types  of  OF  units  containing  1.3pm  SM  fibers 
have  been  already  adopted  to  OPGW  both  in  Japan 
and  abroad. 

Every  material  to  be  used  is  selected  to  have  heat 
resistance  of  300°C. 


(I)  "Sponge  type" 

Fig. 2  shows  the  cross-sectional  view  of  "Sponge 
type"  OPGW  70mm2. 

Eacn  individual  silicone  coated  fiber  is  jacketed 
by  fluorocarbon  polymer  for  easy  handling  and 
protection  against  heat  and  mechanical  force. 

Tne  jacketed  fibers  are  stranded  onto  a  sponge 
core  having  FRF  (Fiber  Reinforced  Plastic)  tension 
member  in  t he  center  of  it,  then  covered  by  heat 
resistant  glass  tape,  and  covered  with  aluminum 
tube. 

As  shown  in  Fig. 3,  “Sponge  type"  OPGW  is  designed 
to  reduce  optical  fiber  strain, 
when  the  OP  unit  is  stretched  together  with  the 
whole  OPGw,  each  jacketed  fiber  compresses  the 
cushion  (sponge)  layer  and  moves  toward  the 
center.  Thus,  the  strain  to  each  optical  fiber  is 
reduced  considerably. 


(a)  OPGW  70mmz 
(Sponge  Type) 


Optical  Fiber 
Sili cone 

Fluorocarbon  Polymer 


(b)  Optical  Fiber  with 
Heat  Resistant  Jacket 


Fig. 2  Construction  of  "Sponge  Type"  OPGW 
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FRP  Tension  Meaner 

^Optical  Fiber  without  Tension 
Optical  Fiber  when  Tensioned 


Strain 
Reductionl 
Effect 

Optical  Fiber  Length  when  Tensioned 


Foamed  Silicone  Rubber  (Cushion  Layer) 


Fig. 3  Strain  Reduction  Effect  of  "Sponge  Type"  OPGW 


(II)  "Spacer  type" 

Fig. 4  show9  the  cross-sectional  view  of  "Spacer 
type”  OPGW  70rara^.  In  order  to  save  space,  b 
fibers  are  formed  into  sub-unit  and  then  settled 
inside  the  grooves  of  aluminum  spacer. 


The  construction  of  sub-unit  is  that  b  silicone 
coated  fibers  are  stranded  around  FKP  core  and 
wrapped  with  a  thin  heat  resistant  tape. 

In  this  spacer  type,  the  strain  to  the  whole  OFGW 
is  directly  transfered  to  each  fiber.  Therefore, 
it  should  be  considered  to  increase  the  screening 
load  to  the  fiber  for  reliable  design. 


(a)  OPG*  70mm2 
(Spacer  Type) 


(b)  Sub-unit 


Fig. 4  Construction  of  "Spacer  Type”  OPGW 
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4,  Cable  characteristics 

The  evaluation  was  made  on  the  following  two  types 
of  omv. 

A)  OPGW  combined  low  attenuation  fibers  and  sponge 
type  unit  (OPGW. A) 

- long  distance  type 

b)  OPGW  conbimed  small  dispersion  fibers  and 
spacer  type  unit  (OPGW.B) 

- large  capacity  type 

4.1  Optical  fiber  and  fiber  unit 

In  this  paragraph,  the  characteristics  of  the  low 
attenuation  fiber  jacketed  by  fluorocarbon  polymer 
in  OPGW.A  and  the  small  dispersion  fiber  in  sub¬ 
unit  of  OPGW.B  are  evaluated. 

(1)  Heat  cycle  test 

Fig. 5  shows  the  attenuation  change  at  1.55pm 
wavelength  under  the  heat  cycle  test.  The  applied 
temperature  of  -30°C  to  +150°C  is  considered  based 
on  the  estimated  low  environment  temperature  and 
high  temperature  caused  by  induced  current.  The 
attenuation  change  showed  a  good  result  of  within 
0.03  db/km  in  both  types. 


_i _ i _ i - 1 - 1 - 1— 

20  -30  150  -30  150  20 


Temperature  (°C) 

Fig. 5  Optical  Attenuation  Change  of 
1.33pm  Fiber  under  Heat  Cycle 
(-30°C  to  +15U0C) 


(2)  Continuous  150°C  temperature  test 

The  test  result  of  attenuation  increase  under 
continuous  I50°C  environment  was  shown  In  Fig.o. 
The  test  condition  of  15U°C  x  400  hours  was 
considered  as  the  accumulated  heat  of  the  tem¬ 
perature  rise  by  induced  current  during  summer 
seasons  within  the  life  cycle. 

The  result  showed  a  good  figure  of  the  variation 
within  0.03  db/km. 


Fig. 6  Optical  Attenuation  Increase  of 
1.35um  Fiber  under  Continuous 
High  Temperature  (130°C) 


(3)  Heat  shock  test 

Fig. 7  shows  the  attenuation  increase  when  300°C  is 
applied  in  short  time.  This  test  simulates  the 
condition  of  short  circuit  failure.  The  attenua¬ 
tion  change  was  within  0.03  db/km  in  both  types. 


Fig. 7  Optical  Attenuation  Increase  of 
1.53pm  Fiber  under  Heat  Shock 
(20°C  to  300°C) 


Through  the  above  tests,  the  optical  fibers  and 
sub-units  were  proved  their  good  characteristics 
under  severe  conditon  of  OPGW  application. 
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4 .2  OPGW 

(1)  Stretch  test 

Fig.B  shows  the  stretch-strain  relations  while 
monitoring  optical  attenuation.  While  the  fiber 
within  "Spacer  type"  receives  the  same  strain  as 
the  whole  OPGW,  the  strain  of  the  fiber  within 
“Sponge  type"  is  approx.  602  of  that  of  the  whole 
OPGW .  This  shows  the  high  reliability  of  "Sponge 
type".  It  is  a  remarkable  characteristics  of 
"Sponge  type"  that  it  has  both  high  temperature 
resistivity  and  strain  reduction  effect. 

Through  this  test,  ooth  types  of  OPGW  showed  no 
attenuation  increase  upto  OPGW  breakage. 


(2)  Continuous  current  test 

Although  the  components  of  OP  unit  are  of  hydrogen 
free  materials  since  the  attenuation  increase  by 
H2  is  a  serious  matter  to  optical  fibers,  moisture 
within  aluminum  tube  may  react  to  aluminum  and 
create  H2  gas  when  the  electric  current  is  rated 
to  OPGW. 


Therefore  we  confirmed  the  attenuation  increase 
through  the  rated  current  test  on  OPGW.d. 

Fig. 4  shows  the  attenuation  increase  under  rated 
current  of  70°C  to  160°C  for  400  hours. 

Although  this  test  was  aimed  at  the  same  condition 
as  mentioned  4.i(2)  continuous  150°C  temperature 
test,  the  temperature  varied  from  70°C  to  lbO°C 
according  to  environmental  conditions  in  the 
actual  outside  fields. 

The  attenuation  increase  was  considerably  small  of 
within  0.04  dB/km  at  1.55pm  wavelength. 


Fig.  V  Continuous  Current  Test 
of  OPGW . B 


(3)  General  tests 

Following  tests  were  carried  out  on  1.55pm  OPGW 
and  the  result  was  as  good  as  that  of  the  ordinary 
1 . 3pm  OPGW . 

i)  bending 

ii)  Twist 

iii)  Vibration 

iv)  Compression 


I 
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(4)  Installation 
i)  Field  application 

The  result  of  an  actual  field  application  of  one 
type  of  OPGW. A  is  shown  in  Fig. 1U.  The  average 


attenuation  value  at  1.55pm  wavelength  among  the 
three  stages  of  optical  fiber,  OPGW  and  post¬ 
installation  was  0 . 1  SdU/kin  to  O.duaB/km.  we 
consider  the  values  are  very  small  and  the  change 
by  installation  is  negligible  in  view  of  measuring 
conditions. 


Optical  Attenuation  (dR/k«) 
(a)  Optical  Fiber 


Optical  Attenuation  (dR/km) 
<b>  OPG* 


Optical  Attenuation  (dB/km) 
(C)  Post-Instal lation 


Fig. 10  Optical  Attenuation  Histogram  at  1.55pm  wavelength  (OPGw.A) 


ii)  Field  test 

OPGW.B  was  finally  sagged  in  the  test  line  shown 
in  Fig. 11  after  three  times  of  stringing  process 


Fig. 12  shows  the  optical  attenuation  value  of 
about  U.22db/km.  The  result  shows  that  OPGW.B 
has  also  stable  characteristics  for  stringing  and 
sagging. 


Tover  No. 

No. 1  No. 2  No.  3 

Span  Length 

534m  453m 

Height  above  the  Sea 

373m  394m  386m 

Fig. 1 1  Outline  of  the  Test  Line 


Instal  lation 

Fig. 12  Optical  Attenuation 
at  1.55pm  Wavelength 
(OPGW.B) 


"■ .  Conclusion 

For  OPGW  operated  at  1.55pm  wavelength,  long  dis¬ 
tance  (low  attenuation  and  high  reliability)  type 
and  large  capacity  (smalL  dispersion  and  high 
density)  type  were  developed  and  evaluated. 

Both  types  of  OPGW  showed  good  characteristics  in 
various  tests,  and  we  are  sure  that  those  OPGW 
will  contribute  greatly  to  power  utilities. 


On  the  actual  iine,  the  long  distance  type  having 
"Sponge  type"  OP  unit  was  already  installed  and 
showed  stable  characteristics. 

Flexibility  of  OPGW  selection  depending  on  the 
requirement  of  transmission  distance  and  capacity 
will  be  given  by  a  suitable  combination  of  Shi 
fiber  ior  1.55pm  wavelength  and  OP  unit 
construction. 
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MOVEMENT  OF  NON-METALLIC  SELF-SUPPORTING  OPTICAL  FIBER  CABLE  UNDER  WIND  PRESSURE 

Y.  Ishlhata*,  K.  Saito*,  K.  Nakadate*,  H.  Horima**  K.  Niikura**, 

A.  Kurosawa***  and  T.  Ohmori*** 


*Tohoku  Electric  Power  Co.,  Inc. 

**Sumitomo  Electric  Industries,  Ltd. 

***Kitanihon  Electric  Cable  Co.,  Ltd. 

Abstract 

Non-metallic  self-supporting  optical  fiber  cable 
has  been  developed  for  use  as  optical  transmission 
line  to  be  installed  on  steel  pylons.  When  this 
optical  fiber  cable  is  installed  on  steel  pylons 
with  intervening  long  spans,  the  cable  may  be 
placed  under  severe  conditions  with  higher  wind 
pressure  load.  Therefore,  it  is  important  for  the 
proper  design  of  cable  installation  to  determine 
clearly  whether  galloping  vibration  exists  or  not. 
Non-metallic  self-supporting  optical  fiber  cable 
was  subjected  to  wind  tunnel  tests  and  an  actual 
scale  field  test.  Based  on  the  test  results  it  has 
now  become  possible  to  determine  the  most  appro¬ 
priate  installation  position  of  non-metallic  self- 
supporting  optical  fiber  cable  on  steel  pylons. 

1.  Introduction 

The  authors  have  developed  a  non-metallic  self- 
supporting  optical  fiber  cable  which  can  be 
installed  on  power  transmission  steel  pylons  in 
order  to  implement  the  flexible  application  of 
optical  fiber  cable.  Furthermore,  field  testing 
has  shown  that  this  cable  possesses  the 
characteristics  necessary  for  practical  use.1"3 

However,  for  installation  of  this  non-metallic 
self-supporting  optical  fiber  cable,  the  range  of 
movement  due  to  wind  and  other  factors  must  be 
taken  into  consideration  so  that  the  optical  fiber 
cable  does  not  come  in  contact  with  the  power 
transmission  line.  The  results  of  wind  tunnel 
tests  and  an  actual  scale  field  test  with  regards 
to  range  of  movement  and  the  presence/absence  of 
galloping  are  herein  reported. 

2.  Structure  of  non-metallic  self-supporting 
optical  fiber  cable. 

The  structure  of  non-metallic  self-supporting 
optical  fiber  cable  is  shown  in  Fig.  1.  In  order 
to  prevent  electromagnetic  induction  from  the 
transmission  line,  glass  fiber  reinforced  plastic 
(FRP)  is  used  for  the  suspension  line  and  the 
composition  of  the  cable  is  completely  non-metal¬ 
lic.  The  optical  fiber  cable  is  attached  to  the 
suspension  line  by  polyethelene  (PE)  connectors 
with  constant  spacing  so  as  to  provide  for  catena¬ 
ry;  i.e.,  the  main  body  of  the  optical  fiber  cable 
is  about  0.5%  longer  than  the  suspension  line  to 
which  it  is  attached,  midway  between  the  plastic 
connecting  bodies. 

Since  this  composition  does  not  result  intension 


3-7-1,  Ichiban-cho,  Sendai  980,  Japan 
1,  Taya,  Sakae-ku.  Yokohama  244,  Japan 
1-2-1,  Koriyama,  Sendai  982,  Japan 

to  the  optical  fiber  cable  itself  until  the  sus¬ 
pension  line  is  elongated  by  about  0.5%.  Young's 
modulus  of  suspension  line  thus  becomes  3-4  times 
that  of  conventional  FRP  rod  in  equivalent  terms. 
Therefore  the  diameter  of  the  FRP  suspension  line 
need  not  be  enlarged,  and  small  diameter  and  light 
weight  of  the  entire  cable  are  thus  possible. 


B  mm(J)  FRP 

PE  Sheath 
PE  Connector 
Optical  Fiber 
2  mm(£  FRP 
PE  Grooved  Spacer 
Wrapping  Tape 
PE  Sheath 


FE  Connector  Suspension 

500mm  /  ,i  ( FRP 


<r. )] — 

A — 

^ ZJr - — 

/ 

XSlack 

PE) 


Optical  Fiber 
Cable 


Pig.  1  Structure  of  non-metallic  self-supporting 
optical  fiber  cable 

(Note:  cable  weight  is  0.21  Kg/m) 

3,  Summary  of  study 

Wind  tunnel  tests  and  a  field  test  were  conducted 
in  order  to  analyze  the  range  of  movement  and  the 
lateral  deflection  and  galloping  characteristics 
of  non-metallic  sell -suoport ing  optical  fiber 


Fig.  3  Relationship  between  wind  pressure 
force  and  lateral  deflection  angle 
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cable.  The  flow  of  analysis  is  as  shown  in  Fig. 
2,  and  the  definitions  of  lateral  deflection 
angle,  attack  angle  and  wind  pressure  force  (drag 
force  and  lift  force)  are  as  shown  in  Fig,  3. 

4.  Wind  pressure  characteristics 


deemed  to  be  the  outer  dia  ''ter  of  projection 
when  the  cable  was  at  45  inclination,  set¬ 
ting  a  uniform  diameter  of  15.6mm  (22mm  x 

l/2).  Test  resets  regarding  drag  coefficient 
Cd  and  lift  coefficient  Cl  are  shown  in  Figs. 
6  and  7. 


(1)  Aerodynamic  coefficient  characteristics 

As  shown  in  Figs.  4  and  5,  non-metallic 
optical  fiber  cable  is  fixed  on  a  balance. 
This  optical  cable  and  the  wind  are  set  to 
obtain  angle  a  (attack  angle);  wind  velocity 
was  changed  and  wind  pressure  force  (drag, 
lift)  were  measured.  Furthermore,  the 

aerodynamic  coefficients  (drag  coefficient 

Cd,  lift  coefficient  Cl)  were  obtained  from 
the  following  equations. 

Pd  =  i  pCd  DV’  (1  ) 

PI  =  |  PCI  DV2  (2) 


namely, 


Pd:  drag  force  (Kgf/m) 

PI:  lift  force  (Kgf/m) 

0  :  air  density  (0.12  Kgf • sec  2 /m4 ) 
D  :  equivalent  outer  diameter  of 
optical  cable  (m) 

V  :  wind  velocity  (m/sec) 


tunnel 


(Side  view) 


(Plan) 


Fig.  4  Schematic  of  wind  tunnel  test  equipment 


Fig.  5  View  of  wind  tunnel  test  equipment 

Also,  equivalent  cable  outer  diameter  D  was 


Wind  velocity  V  (rn/s) 


Fig.  6  Characteristics  of  aerodynamic  coeffi¬ 
cients  of  non-metallic  optical  fiber  cable 
against  wind  velocity 
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Fig.  7  Characteristics  of  non-metallic  optical 
fiber  cable  against  attack  angle  of 
aerodynamic  coefficients 

(2)  Evaluation  of  Den  Har tog’s  type  galloping4 

ben  Hartog's  equation  was  used  to  determine 
whether  or  not  galloping  occurred. 

( +  )cos  *$-2Cd+  ( C 1  )  si  n£  cos:*1  (3) 

da  da 

When  the  condition  as  per  equation  (3)  is 
satisfied  by  inserting  aerodynamic  coeffi-  j 

cientf  of  respective  attack  angles  into  equa¬ 
tion  (3),  galloping  vibration  of  Den  Hartog 
occurs.  :  is  the  angle  representing  the 
vibration  directions  of  optical  cable.  Since 
the  vibration  directions  cannot  he  specifi¬ 
cally  deter m  i  no tl  f  t « >n:  a  s t  a t  i  o narv  state,  i  t 
was  deemed  that  *  i  mild  he  anv  value  within 
o-2",  following  which  aerodynamic  charac-  I 

t  eristics  of  n« >n-met  a  1 1  i  t  optical  cable  was 
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inserted  into  Equation  (3)  to  evaluate  whether 
the  Den  Hartog's  type  galloping  occured.  It  was 
found  that  aerodynamic  coefficients  of  non-metal- 
lic  optical  fiber  cable  did  not  satisfy  Equation 
(3)  against  respective  wind  velocities  and  attack 
angles.  Therefore,  it  seems  that  this  type  of 
optical  fiber  cable  is  not  conductive  to  Den 
Hartog's  type  galloping. 

5.  Field  test  of  actual  scope 

To  verify  the  range  of  movement  of  non-metallic 
optical  fiber  cable  and  the  occurrence/non-occur¬ 
rence  of  galloping,  non-metallic  optical  cable  was 
installed  on  actual  scale  steel  pylons  of  the 
Mutsu  test  line  of  Tohoku  Electric  Power  Co.,  Inc. 
as  shown  in  Fig.  8.  The  field  test  was  conducted 
over  a  period  of  2.5  years  (Feb.  1986  -  July 
1988) . 

(1)  System  composition 

Information  regarding  the  installation  of 
non-metallic  optical  fiber  cable  is  shown  in 
Figs.  9  and  10,  and  composition  of  the  test 
system  is  shown  in  Fig.  11. 


certain  point . 


Steel  pylon  No. 3 


Fig.  9  Situation  of  installation  of  non-metallic 
optical  cable 


Non-metallic  optical  fiber  cable  was  instal¬ 
led  on  steel  pylons  of  actual  scale  with  a 
span  of  285  m.  Cable  tension  was  measured 
using  a  load  cell,  and  this  measured  result 
together  with  the  values  of  wind  direction 
and  wind  velocity  were  recorded  by  a  data 
recorder  and  a  multi-point  dot  printing  strip 
chart  recorder.  Regarding  the  observation  of 
behavior  of  cable,  a  target  composed  of  re¬ 
flection  plate  was  fitted  at  the  mid  point  of 
the  span;  the  reflections,  from  the  target, 
of  sunlight  during  daytime  and  a  lighting 
fixture  from  underheath  of  night  were  ob¬ 
served  using  an  ITV  camera  and  recorded  by  a 
VCR. 


Fig.  8  Location  of  test  line 

Furthermore,  the  VCR  and  the  data  recorder 
were  so  controlled  as  to  automatically 
activate  when  the  wind  velocity  reached  a 


Fig.  10  View  of  non-metallic  optical  fiber  cable 
installed  on  steel  pylons 

(2)  Result  of  measurements 

(a)  Wind  characteristics  of  the  test  environ¬ 
ment 

The  relations  between  average  wind  velocity 
and  gust  rate  (=maximum  wind  velocitv/average 
wind  velocity)  and  between  average  wind  ve¬ 
locity)  and  intensity  of  wind  disturbance 
(- standard  deviation  of  wind  velocit y /average 
wind  velocity)  at  the  site  during  the  field 
test  are  shown  in  Figs.  12  and  13.  As  shown 
in  Fig.  12,  gust  rate  is  1.2  -  1.6  in  the 
high  velocity  band,  equal  to  that  reported 
elsewhere  in  general.  This  test  line  envi- 
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Fig.  11  Composition  of  test  system 


ronment  is  presumed  to  be  typical,  not  special. 
Fig.  13  shows  the  intensity  of  wind  disturbance 
used  to  calculate  standard  deviation  of  lateral 
deflection  angle  mentioned  below.  Based  on  this 

2  ,°r 
r  9  - 
IB-  - 
IT-'. 


<u 


Average  wind  velocity  V  (m/s) 


Fig.  12  Relation  between  wind  velocity  and  gust 
rate 


result,  the  intensity  of  wind  disturbance  in  the 
high  velocity  band  which  poses  a  problem  for  the 
access  of  lateral  deflection,  was  found  to  be 
0.18. 


Fig.  13  Relation  between  wind  velocity  and 
intensity  of  wind  disturbance 
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(b)  Cable  tension 

The  relations  between  average  wind  velocity 
and  tension  ard  between  average  wind  velocity 
and  maximum  value  of  tension  variation  are 
shown  in  Figs.  14  and  15.  From  these 
figures,  it  was  clarified  that  the  maximum 
value  of  cable  tension  variation  was  less 
than  100  Kgf,  which  is  less  than  20%  of 
installation  tension,  and  that  there  was  no 
occurrence  of  abnormal  vibration  such  as 
galloping. 


Average  wind  velocity  V  (m/s) 


Pig.  14  Dependence  of  average  tension  on  wind 
velocity 


Average  wind  velocity  V  (m/s) 


Fig.  15  Dependence  of  maxima  value  of  tension 
variation  on  wind  velocity 

(c)  Lateral  deflection 

An  example  of  the  locus  of  lateral  deflection 
movement  at  the  midpoint  of  the  span  of  non- 
metallic  optical  fiber  cable  observed  by  ITV 
camera  is  shown  in  Fig.  16. 


(Dec.  17,  1987:  7  hr.  22  min. 

4  sec  -  7  hr.  26  min.  4  sec) 


Fig.  16  Locus  of  lateral  deflection  movement 
(midpoint  span) 

Furthermore,  the  locus  of  lateral  deflection 
movement  recorded  in  VCR  was  subjected  to  AD 
conversion  at  the  sample  interval  of  0.1 
second.  The  average  value  and  standard 
deviation  of  cable  lateral  deflection  angle 
were  calculated,  and  the  relation  to  average 
wind  velocity  was  obtained.  The  result  is 
shown  in  Figs.  17  and  18.  0  is  given  as 

follows: 

6  =  tan'1  (^)  (4) 

w 

namely  Pd:  drag  force  (Kgf/m) 

0  :  lateral  deflection  angle  (deg) 

W  :  cable  weight  (0.Z1  Kg/m) 


Average  wind  velocity  V  (m/s) 


Fig.  17  Relation  between  average  value  of  lateral 
deflection  angle  of  cable  and  wind  velo¬ 
city 
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Standard  deviation  of  lateral 
deflection  angle  (deg) 


From  the  result  of  Fig.  17,  theoretical  value 
of  Cd  was  calculated  using  Equations  (1)  and 
(4)  and  the  value  of  Cd  -  0.34  was  obtained 
which  was  lower  than  the  value  (Cd  =  1.12) 
obtained  from  the  result  of  wind  tunnel 
tests . 


Average  wind  velocity  V  (m/s) 


Fig.  18  Relation  between  standard  deviation  of 
lateral  deflection  angle  of  cable  and 
wind  velocity 

It  can  be  considered  that  the  low  Cd  value 
was  obtaine  because  of  the  drop  of  wind  pres¬ 
sure  force  due  to  the  difference  of  height 
between  the  position  of  the  installed  cable 
and  the  position  of  the  wind  velocity  meter, 
and  also  due  to  the  fluctuation  of  wind  into 
different  blocks  in  the  direction  longitudi¬ 
nal  to  the  cable  (size  of  air  lump).  Drag 
coefficient  used  when  designing  the  installa¬ 
tion  of  steel  pylon  was  based  on  the  result 
of  wind  tunnel  tests  that  offered  a  high  Cd 
value  for  purposes  of  safety.  Also,  as  shown 
in  Fig.  18,  because  the  actual  measured  value 
coincided  with  the  theoretical  value  obtained 
from  Equation  (5)S,  which  has  conventionally 
used  to  calculate  standard  deviation  of  lat¬ 
eral  deflection  for  the  designing  of  instal¬ 
lation  on  steel  pylons  of  power  transmission 
lines,  it  was  found  that  Equation  (3)  can 
also  be  applied  to  non-metallic  optical  fiber 
cable . 


08  =  (i  sin  (2  e)  —  x  1  . 1 


(5) 


namely  p:  decremental  coefficient 
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6.  Study  concerning  range  of  movement  of  non- 
metallic  optical  fiber  cable 


For  the  designing  of  installation  of  non-metallic 
optical  fiber  cable  on  steel  pylon,  we  used  the 
method  whereby  the  variation  range  of  lateral 
deflection  angle,  with  the  average  lateral  deflec¬ 
tion  angle  0  as  the  central  datum  point,  was 
expressed  as  standard  deviations  ob  as  si  own  in 
Fig.  19.  3a0  with  occurence  probability  of  99.74% 
was  used  in  the  present  study  while  2o0  and  laG 
with  occurrence  probabilities  of  95.44%  and 
68.26%  respectively  also  fell  within  the  range. 
Therefore,  the  lateral  deflection  angles  against 
the  respective  wind  velocities  are  as  shown  in 
Table  1  as  based  on  Equations  (1)  (4)  (5)  and  Cd  -- 
1.12. 


Table  1  Lateral  deflection  angle  of 
non-metallic  optical  cable 


V  (m/s) 

0  (deg) 
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Fig.  19  Lateral  deflection  based  on 
analysis  of  wind  variation 


statical 


< 


106  International  Wire  &  Cable  Symposium  Proceedings  1988 


7.  Conclusion 


Non-metallic  self-supporting  optical  fiber  cable 
was  subjected  to  wind  tunnel  tests  and  an  actual 
scale  field  test  and  the  resulting  data  was  ap¬ 
plied  to  the  design  of  installation  of  this  cable 
on  steel  pylon. 

Based  on  the  result  obtained  on  the  aerodynamic 
coefficient  characteristics,  it  was  found  that 
this  non-metallic  self-supporting  type  optical 
fiber  cable  is  not  conductive  to  Den  Hartog's 
type  gallontrg  "ibr  tiou.  Furi.iieio.Oic,  -tnoisal 
vibration  of  galloping  was  not  observed  during  the 
field  testing  conducted  over  a  period  of  2.5 
years . 

Also,  based  on  the  result  of  the  field  test,  it 
was  shown  that  the  equation  of  standard  deviation 
of  cable  lateral  deflection  angle  conventionally 
used  in  the  design  of  transmission  line  installa¬ 
tion  on  steel  pylon  could  be  applied.  Using  the 
equation  of  aerodynamic  coefficients  and  equations 
of  lateral  deflection  angle  ana  standard  deviation 
of  lateral  deflection  angle,  the  guidelines  as  to 
the  range  of  movement  of  non-metallic  self-suppor¬ 
ting  optical  fiber  cable  were  obtained. 

Based  on  the  results  mentioned  above  it  has  now 
become  possible  to  determine  the  most  appropriate 
installation  position  of  non-metallic  self-suppor¬ 
ting  optical  fiber  cable,  with  consideration  given 
to  the  spacing  between  this  optical  fiber  cable 
and  the  power  transmission  line,  and  to  its  height 
above  ground  surface. 
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Abstract 


A  new  type  of  metal-free  self- 
supporting  optical  fiber  cable  was 
developed.  This  cable  can  be  applied  to 
long-span  aerial  power  lines.  The  design 
of  the  cable  is  unique.  Four  optical 
fiber  units  with  small  diameter  are  SZ- 
cabled  around  a  single  rod  FRP  support 
member  and  fixed  by  two  lashing  wires. 

The  cable  was  evaluated  in  a 
laboratory  and  a  test  field.  Results  of 
various  tests  have  verified  that  the  cable 
has  excellent  transmission  and  mechanical 
characterist ics . 


1 .  Introduction 

A  power  transmission  network  usually 
has  very  long  power  lines.  So  using 
existing  towers,  an  optical  transmission 
trunk  line  can  be  economically  installed 
in  the  power  transmission  network. 

One  well-known  cable  which  is  already 
applied  to  power  lines  is  OP--GW  (Composite 
Overhead  Ground  Wire  with  Optical  Fiber). 
Another  is  a  metal-free  self-supporting 
optical  cable. 

In  designing  OP-GW,  heat  resistant 
characteristics  of  an  optical  fiber  must 
be  taken  into  account  in  case  of  lightning 
and  short  circuit. 

On  the  other  hand,  the  metal-free 
self-supporting  optical  cable  is  free  from 
induction.  So  heat  resistant  cable  design 
is  unnecessary.  But  the  axial  elongation 
of  a  metal-free  self-supporting  cable  is 
larger  than  a  metallic  one,  so  that  from 
the  view  point  of  life  time  of  an  optical 
fiber,  it  is  very  important  to  design  the 
stress  of  the  cable.  One  approach  is  an 
application  of  loose  tube  cable  in  which 
optical  fibers  have  excess  length.  It  has 
an  advantage  that  the  excess  length  of 
optical  fibers  can  compensate  the  stress 
of  the  cable. 


The  newly  designed  self-supporting 
optical  cable  was  developed  through  new 
technology.  It  consists  of  four  tight 
buffered  optical  units  with  polyethylene 
outer  jacket.  These  units  are  SZ-cabled 
around  the  FRP  support  member.  This 
configuration  gives  optical  units  excess 
length . 


2 .  Cable  design 

2-1.  Design  Criteria 

The  design  criteria  of  the  new  cable 
are  as  follows. 

(1)  Metal-free  configuration. 

From  the  view  point  of  safety,  the 
new  cable  must  be  free  from  induction. 
So  it  must  be  composed  of  all 
dielectric  materials. 

(2)  Maximum  allowable  fiber  stress  at 
maximum  working  tension. 

A  predicted  life  time  of  the  cable  is 
over  25  years.  To  achieve  this 
target  maximum  allowable  fiber  stress 
is  0.2%  using  0.5%  screen  test  fiber. 

(3)  Maximum  allowable  stress  of  the 
support  member  at  a  maximum  working 
tens i on . 

For  the  dielectric  support  member, 
G-FRP(Glass  Fiber  Reinforced  Plastic) 
and  K-FRP  (Kevlar-FRP)  are  available. 
Determining  allowable  tensile  stress, 
the  properties  such  as  the  time  to 
break  and  the  maximum  creep  strain 
have  to  be  considered. 

If  the  predicted  failure  probability 
of  10  Fit/lOOkm  is  allowed  during  25 
years,  0.5%  continuous  tensile  stress 
of  G-FRP  is  allowed.  The  failure 
probability  of  K-FRP  is  less  than 
that  of  G-FRP. 

The  maximum  creep  strain  of  K-FRP  at 
50%  UTS  ( lilt  imate  Tensile  Strength)  is 
0.1%  during  a  life  time  of  25  years. 
The  creep  of  G-FRP  is  less  than  that 
of  K-FRP. 
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In  actual  working  conditions,  maximum 
tensile  stress  of  supporting  member 
is  under  0.5%.  Under  this  condition, 
the  creep  strain  of  K-FRP  is 
negl ig  ible . 

From  the  reason  mentioned  above,  the 
maximum  allowable  stress  of  the 
supporting  member  is  set  to  0.5%. 

(4)  Maximum  tower  span  of  500m. 

Normal  tower  span  is  200m  through 
250m.  But  longer  installation  for 
example  crossing  wide  river  is  often 
required.  So  maximum  allowable  tower 
span  of  500m  is  assumed. 

(5)  Aerodynamic  characteristics. 

From  the  view  point  of  the  life  time 
of  the  fiber,  the  excess  elongation 
of  the  cable  induced  by  wind, 
galloping  and  ice  load  must  be 
minimized.  To  minimize  the 
susceptibility  of  the  cable  to  wind 
load,  the  cable  diameter  must  be  as 
small  as  possible. 

(6)  Easy  installation  with  high 
rel iabi 1  ity  . 

To  minimize  the  installation  cost, 
the  cable  must  have  a  capability  to 
be  laid  and  anchored  quickly  to  tower 
structures . 

(7)  Fiber  counts  up  to  20. 


2-2.  Structure 

Fig.l  shows  the  cross  section  of  the 
newly  developed  cable.  Four  tight  optical 
units  are  SZ-cabled  around  a  10mm  diameter 
FRP  support  member  and  fixed  by  two 
lashing  wires.  The  lashing  wires  are  made 
from  Kevlar  yarn  and  have  a  flat 
polyethylene  sheath  to  minimize  lateral 
pressure  for  optical  units. 


Support  member 
Lashing  wire 
Optical  unit 


Optical  unit 


Lashing  wire  Support  member 


720mm 

Fig.l  Cross-section  of  the  cable 


The  tight  buffered  single  mode  fibers 
with  0.7mm  nylon  jacket  are  accommodated 
in  a  4mm  polyethylene  slot.  Each  units 
can  accommodate  five  fibers  and  have  5.5mm 
polyethylene  outer  sheath. 

The  tight  buffered  fiber  has  an 
advantage  to  be  handled  with  ease. 

Because  it  has  a  suitable  diameter  and 
stiffness  to  be  handled  by  installation 
technicians.  And  also  it  has  a  strong 
resistance  to  lateral  force,  so  it  can  be 
accommodated  in  a  splicing  closure  with 
ease  and  no  trouble. 

From  the  view  point  of  aerodynamic 
characteristics,  the  optical  cable  is 
divided  into  four  units  to  minimize  the 
over  all  cable  diameter  resulting  in  low 
susceptibility  to  wind  load.  This 
structure  also  make  it  easy  to  branch  any 
unit  without  shutting  down  another  live 
units.  Moreover  the  support  member  is 
separated  from  optical  units,  so  it  makes 
it  easy  to  anchor  the  supporting  member  to 
the  tower  structures,  resulting  in  less 
installation  time. 

The  unit  has  slotted  structure  to 
protect  the  fibers  from  the  large  lateral 
force  in  case  of  installation.  The  tight 
buffered  optical  fibers  are  tightly 
stranded  in  the  slotted  core  to  make  the 
unit  diameter  as  small  as  possible. 

In  order  to  get  excess  length  of 
optical  fibers,  the  optical  units  are 
cabled  around  the  supporting  member  by 
SZ-cabling  method.  The  theoretical 
excess  length  depends  on  the  cabling  lay- 
length  and  the  reverse  angle. 


that  is, 


K  =  l  +  ( 


.TtxRxA  .  2 


4  xP 


where,  K  =  rat.io  of  excess  length  (%) 

R=pitch  diameter  of  the  optical 
un  i  t,  (  mm  ) 

A= reverse  angle! rad) 

P-lay  lengt.h(mm) 


But,  because  the  optical  units  can  not 
move  freely  due  to  the  tension  of  the 
lashing  wire,  the  effect  of  excess  length 
is  reduced.  So  the  opt  imum  lav  length  of 
the  optical  units  was  experimentally 
dete  rm i ned . 

Fig. 2  shows  t ho  relationship  between 
the  unit  lay  length  and  the  optical  fiber 
strain  at  the  cable  strain  of  0.5%.  Based 
upon  this  data,  the  lay  length  of  260mm 
was  chosen  as  optimum  to  meet  the 
allowable  fiber  strain  requirement  of 
0.2%. 


I 
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Table.  2  Typical  parameters  of  cable  installation 


Lay  length  (mm) 

Fig.  2.  Relationships  between  lay  length  of  optical  unit 
and  excess  length  of  optical  unit  and  fiber 
elongation  at  0.5%  cable  strain 
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— 

Span 

Support 

Condition  A 

Condition  B 

Condition  C 

\ 

member 

sagjn  elong.% 

sag.m  elong.% 

sag.m  etong.% 

\  JO  - 

.2  -£ 

0.3  a  ■§ 

100m 

1.2  0.50 

0.2  0.46 

1.1  0.51 

1 

o>  o 

0.2  o  2* 

200m 

G-FRP 

4.8  0.50 

1.1  0.35 

4.4  0.49 

o.i  fe  ° 

300m 

10.9  0.50 

4.2  0.20 

10.2  0.48 

jD  S3 

400m 

K-FRP 

13.5  0.50 

3.8  0.22 

12.8  0.47 

0 

"  300  400  500  600  " 

o 

500m 

21.1  0.50 

9.9  0.14 

20.3  0.46 

Condition  A 
B 
C 


Temp.  15c,  Wind40m/s, 
15c,  no, 

-10c,  28m/s, 


Ice  no 
no 

6mm  thick 


The  material  of  the  support  member  is 
selected  from  G-FRP  and  K-FRP  in 
accordance  with  an  installation  conditions 
such  as  tower  span,  sag,  tension,  wind 
load,  ice  load  and  temperature.  Table. 1 
shows  the  characteristics  of  G-FRP  and 
K-FRP. 

Based  upon  the  following  conditions, 
we  calculated  the  sag  and  the  cable  strain. 
Maximum  allowable  cable  strain=0.5% 
Maximum  allowable  sag  -4% 

The  results  are  shown  in  Table. 2.  In 
conclusion,  the  10mm  G-FRP  can  be  applied 
up  to  300m  tower  span.  And  the  10mm  K-FRP 
can  be  applied  up  to  500m  tower  span. 

Because  we  have  the  towers  with  250m 
span,  the  experimental  cable  shown  Fig. I 
was  made  to  be  subjected  to  the  field  test 
using  the  10mm  G-FRP. 


Table.  1  Data  of  support  member 


ITEM 

G-FRP 

K-FRP 

Outer  diameter  of  FRP 

(mm) 

10 

10 

Outer  diameter  of  support  member  (mm) 

12 

12 

Weight  per  unit  length 

(kg/km) 

193 

138 

Thermal  coefficient  of  expansion  (1/K) 

7x10‘8 

-2x10"® 

Young's  modulous 

(kg/mm2) 

47 

69 

Breaking  load 

(kN) 

69 

98 

Tension  at  0.5%  elongation  strain  (kN) 

ZKJ 

27 

3 .  Characteristics 
3-1.  Tensile  characteristics 

The  cable  was  subjected  to  tensile 
test  to  verify  the  stress  level  of  the 
fiber.  The  optical  attenuation  was  also 
monitored.  Fig. 3  shows  the  relationships 
between  the  tensile  load  and  the  fiber 
elongation  and  the  cable  elongation  and 
the  attenuation  change  at  1300nm 
wavelength.  The  test  results  show  that 
the  fiber  elongation  is  less  than  40%  of 
the  cable  elongation  at  any  tensile  load. 
The  fiber  elongation  is  0.14%  in  case  of 
0.5%  cable  elongation.  The  attenuation 
change  was  scarcely  observed. 
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Where 


The  cable  was  also  subjected  to  the 
repetitive  tensile  test.  Fig. 4  shows  the 
result  of  it.  The  cable  was  subjected  to 
a  9.8kN  load  50  times.  The  test  result 
shows  that  the  elongation  of  the  optical 
fiber  decreased  and  converged  to  0.07% 
which  is  one  fourth  of  the  cable 
elongation.  This  means  that  the  fiber 
elongation  is  assumed  to  be  0.13%  at  heavy 
load  condition.  It  is  small  enough 
compare  to  the  allowable  continuous 
elongation  of  0.2%. 

The  test  verifies  that  the  new  cable 
satisfies  the  design  criteria  and  has 
enough  reliability  in  terms  of  life  time. 


0  10  20  30  40  50 


Fig. 4  Repetitive  load  -  strain  test 


3-2.  Aerodynamic  characteristics 

Designing  a  self-supporting  optical 
cable,  aerodynamic  and  icing 
characteristics  are  the  most  important 
factors  from  the  view  point  of  the  life 
time  of  the  cable. 

The  new  cable  was  subjected  to  the 
wind  tunnel  test  to  verify  the  excellent 
aerodynamic  characteristics. 

The  important  aerodynamic  factors  are 
a  drag  coef f ic ient (Cd )  and  a  lift 
coef f icient (Cl )  . 

Cd  relates  to  the  excess  tensile  load 
induced  by  wind  load.  Cl  relates  to  the 
susceptibility  to  a  galloping. 

The  wind  pressure  due  to  Cd  and  Cl, 
That  is, 

P=0.5CxdV2 


2 

P:the  wind  pressure  (kg/m  ) 
d:air  density  (kg/m^) 

V:the  wind  velocity  (m/sec) 

Cx:Cd  or  Cl 

Fig. 5  shows  the  test  results  of  the 
wind  tunnel  test.  Where,  sample  A  is  the 
support  member  with  12mm  outer  diameter; 
sample  B  is  the  newly  designed  cable. 

In  case  of  figure-8  cable,  it  is  well 
known  that  the  number  of  Cd  and  Cl  change 
depend  on  wind  velocity.  In  general  Cd 
has  a  trend  of  decrease  and  Cl  has  a  trend 
of  increase.  This  makes  the  cable 
unstable  to  the  wind,  resulting  in 
gal  loping . 

On  the  other  hand,  the  newly  developed 
cable  has  same  trends  as  a  support  member 
with  a  round  shape  in  terms  of  Cd  and  Cl. 

The  test  results  verified  that  the  Cd 
of  the  new  cable  was  improved  about  20%  by 
SZ  configuration. 

And  it  also  verified  that  the  new 
cable  has  less  susceptibility  to  the  wind 
pressure,  resulting  in  rare  possibility  of 
gal  loping . 


0  10  20  30 

V  (  m/s ) 

Fig.  5.  Wind  velocity  versus 

aerodynamic  coefficient 


3-3.  Attenuation  in  cable  manufacturing 
process 

Fig. 6  shows  the  attenuation  of  optical 
fiber  measured  at  each  manufacturing 
process.  The  attenuation  change  through 
cabling  was  less  than  0.02  dB/km. 


112  International  Wire  &  Cable  Symposium  Proceedings  1986 


fiber  Ny  strand  cable 
jacket  sheath 


Fig.  6.  Attenuation  of  optical  fibe'r 
in  cable  manufacturing 


3-4.  Temperature  Characteristics 

The  cable  was  subjected  to  the 
temperature  cyclic  test  of  ten  cycles.  The 
temperature  range  was  -40c  through  +60c. 
Fig. 7  shows  the  relationship  between 
temperature  change  and  attenuation  change. 
The  attenuation  change  was  less  than 
O.OldB/km  and  the  residual  attenuation  was 
scarcely  observed  after  ten  cycles. 


3-6.  A  sheave  wheel  test 

This  test  is  to  determine  the  maximum 
allowable  pulling  force  during  a  cable 
installation.  Fig. 8  shows  an  outline  of  a 
sheave  wheel  test.  Up  to  a  cable  tension 
of  4.9kN  no  attenuation  change  at  1300nm 
wavelength  and  no  mechanical  damage  of  the 
cable  were  observed.  The  attenuation 
change  was  observed  from  5 . 9kN .  The  groove 
of  polyethylene  slot  was  deformed  by 
lateral  force  to  pinch  the  optical  fiber, 
resulting  in  the  attenuation  increase. 
Therefore  taking  a  safety  margin  of  2.0kN, 
2.9kN  was  determined  as  a  maximum 
allowable  pulling  force. 

Since  ordinary  pulling  force  is  under 
l.OkN,  2 . 9kN  is  large  enough  as  an 
allowable  pulling  force. 


.  . 


Fig.  8.  Outline  ol  sheave  wheel  test 


3-7.  Cable  clamp 

Fig. 9  shows  the  structure  of  a  cable 
clamp.  From  the  view  points  of  a 
reliability  and  a  material  and  an 
installation  cost,  several  methods  to 
clamp  the  cable  on  the  tower  structure 
were  investigated.  We  conclude  that  the 
following  new  method  is  the  best  one  which 
can  achieve  a  high  reliability  and  a  low 
cost . 


3-5.  Vibration  test 

The  optical  cable  was  subjected  to  2 
tests;  horizontal  and  30  degrees  inclined 
vibration  test.  The  test  condition  was  as 
follows.  The  span  was  20m.  The  tensile 
load  was  4kN  (0.13*  cable  strain).  The 
amplitude  of  vibration  was  +6mm.  The 
frequency  was  40Hz .  After  vibration  of 
1x10°  times,  no  attenuation  change  and  no 
mechanical  damage  were  observed. 


Fig.  9.  Structure  of  cable  clamp 
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The  preformed  spiral  rod  (grip)  is 
wound  around  an  unjacketted  FRP  rod.  Then 
for  the  purpose  of  waterproof,  they  are 
covered  with  self-bonding  tape,  silicone 
sealant  and  vinyl  tape.  An  advantage  of 
this  method  is  that  special  tools  and 
materials  are  unnecessary. 

A  lot  of  sample  were  subjected  to 
tensile  test  under  several  environmental 
conditions  to  verify  the  reliability. 

Fig. 10  shows  the  relationship  between 
the  grip  length  and  the  intrinsic  tensile 
strength.  Tensile  strength  is 
proportional  to  the  grip  length.  Under 
600mm  of  the  grip  length,  the  slip  happens 
between  the  grip  and  the  FRP.  But  over 
600mm  of  it,  the  FRP  breaks  before 
slipping.  So  600mm  is  chosen  as  a  optimum 
clamp  length. 


Fig.  10.  Length  of  spiral  rod  versus 
tensile  strength 


After  treatments  such  as  vibration, 
water  immersion,  freezing  and  temperature 
cyclic,  the  clamp  samples  were  subjected 
to  the  tensile  test. 

In  case  of  the  clamp  with  a  waterproof 
treatment,  the  degradation  of  the  tensile 
strength  was  scarcely  observed  at  any 
treatment  conditions. 

The  maximum  tensile  load  at  the  heavy 
load  condition  is  one  fourth  of  the 
tensile  strength  of  the  clamp.  So  the 
reliability  of  the  clamp  is  verified. 


Table  3.  Results  of  reliability  tests  on  cable  clamps 


Item  &  Condition 

Tensile  Strength  (kN) 

Without 

waterproof 

With 

waterproof 

VIBRATION 

Arrplrtude  ±  5mm 

20c 

IxIO'times 

68.6 

68.6 

Frequency  10Hz 

IxIO’times 

68.6 

68.6 

Tension  3.9kN 

60c 

1x10  times 

69.6 

69.6 

IxIO’times 

71.6 

72.6 

-20c 

IxIO'times 

69.6 

69.6 

IxIO’times 

70.6 

72.6 

IN  WATER 

In  60c  water 

lOdays 

64.7 

68.6 

Tension  free 

1  month 

61.8 

68  6  .  J 

FREEZING 

In  -20c  ice  Tension  free 

20days 

68.6 

68.6 

HEAT  CYCLE 

In  60c  water  x  Iday 

5  cycles 

68.6 

68.6 

In  -20c  air  x  Iday 

— 

- - - 

In 60c  air  x  Iday 

10  cycles 

71.6 

73.5 

4 •  Installation  in  the  field 
4-1.  Stringing  method 

The  optical  cable  has  been  strung  on 
the  towers  with  the  spans  of  248m  and  148m 
by  the  carrier  stringing  method  in  the 
test  field.  Fig. 11  shows  the  outline  of 
this  stringing  method.  A  pilot  rope  with 
many  suspended  small  pulleys  and  a 
messenger  rope  are  pre-strung  using  a 
existing  wire  so  as  to  minimize  the 
tensile  load  of  the  cable  and  the  sag 
during  the  installation.  The  measured 
pulling  force  in  the  test  field  was  less 
than  0 . 5  k  N .  This  load  is  small  enough 
compare  to  the  allowable  pulling  force  of 
2.9kN.  After  installation  any  damage  was 
scarcely  observed  on  the  cable. 


Fig.  1  1.  Carrier  method  of  stringing 
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4-2.  Clamping  and  Jointing 

Fig. 12  shows  the  layout  of  the  cable 
clamp  and  the  joint  box.  The  support 
member  is  fixed  on  the  mid  arm  of  each 
steel  tower.  Four  optical  units  are 
branched  at  the  cable  clamp.  These  units 
are  protected  by  the  flexible  plastic  tube 
with  a  slit  and  guided  to  the  joint  box. 

The  necessary  time  to  anchor  the 
support  member  to  the  tower  structure  was 
about  twenty  minutes  per  one  clamp  in  the 
field. 

The  necessary  splicing  time  per  one 
fiber  was  about  eight  minutes. 

The  field  test  verified  that  the  new 
cable  has  a  capability  to  be  installed 
very  fast. 
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4-3.  Attenuation  change  after  installation 

An  attenuat  ion  change  at  1300nm 
wavelength  after  installation  in  the  test 
field  was  less  than  0 . 0 1 dB/km( average  of 
twenty  fibers). 


5.  Conclusion 

A  newly  designed  metal-free  self- 
support  i ng  optica]  cable  for  long  span 
application  was  developed.  In  this  cable 
SZ-cabling  configuration  gives  excess 
length  to  optical  fibers.  The  test 
results  in  the  laboratory  and  the  test 
field  verified  that  the  new  cable  has 
superior  transmission,  mechanical, 
aerodynamic  characteristics  and  the  new 
clamping  method  has  a  high  reliability  to 
any  environmental  condition. 
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DRY  BAND  ELECTRICAL  ACTIVITY  ON  OPTICAL  CABLES  SEPARATELY  STRUNG  ON  OVERHEAD  POWER  LINES 


C.N .  CARTER 


Central  Electricity  Research  Laboratories,  Leatherhead,  United  Kingdom 

Summary  activity.  Several  developed  what  they  term  track 

~  resistant  sheaths.  This  approach  has  apparently 

Several  self “supporting  optical  cables  strung  worked  well,  although  a  suitable  test  regime  which 

on  power  transmission  lines  in  Europe  have  suffered  will  accurately  predict  lifetime  performance  remains 

sheath  failure  after  less  than  one  year  in  service.  elusive. 

Large  scale  capacitive  coupling  experiments  have  Experimentally  Induced  Degradation 

enabled  electrical  activity  to  be  observed  and 

recorded  outdoors  in  natural  wind  and  rain.  They  It  has  been  found**’5’6  that  degradation 

have  shown  that  the  main  cause  of  failure  is  dry  apparently  similar  to  that  found  in  service  can  be 

band  arcing  which  occurs  when  a  wet  cable  begins  to  produced  on  small  (0.1  to  0.5  m  long)  cable  samples 

dry.  Degradation  always  occurs  near  a  cable  sheathed  with  polyethylene,  the  original  sheathing 

support  because  the  currents  flowing  and  voltages  material,  by  exposing  them  to  electric  fields  in  the 

available  are  highest  there.  An  analytical  range  5-100  kV/m  while  the  samples  are  wetted  by 

treatment  allows  judgement  to  be  made  on  which  salt  fog  or  spray.  In  general  the  most  damaging 

particular  power  lines  pose  a  threat  and  the  currents  lie  in  the  range  0.5-5  mA.  Electrode 

optimum  stringing  positions  to  be  determined  for  effects  can  be  dominant  in  these  small  scale  tests 

any  given  power  line.  and  results  on  other  materials  are  sometimes 

confusing . 


Introduction 

There  is  a  need  for  optical  cables  in  the 
Electricity  Supply  Industry  and  the  various  cable 
types  available  for  use  on  overhead  lines  have  been 
reviewed1.  Self-supporting,  metal-  free  cables, 
developed  originally  in  W.  Germany  and  the 
Netherlands,  have  been  in  apparently  successful  use 
on  power  lines  of  up  to  110  kV  for  some  years.  It 
has  been  demonstrated  many  times*  that  cable  of  this 
type  satisfactorily  meets  the  optical  and  mechanical 
requirements.  However,  the  first  attempts  to  instal 
cable  on  220  kV  lines  was  met  by  failure.  After 
less  than  a  year  the  cables  fell  down  and  on 
examination  were  found  to  have  been  damaged  near  to 
the  supports,  apparently  by  electrical  activity. 

Several  theories  were  put  forward  as  to  why 
this  had  happened  and  several  solutions  were 
proposed.  It  was  suggested3  that  near  the  earthed 
supports  longitudinal  components  of  the  electric 
field  drove  currents  along  a  wet  and  dirty  cable 
sheath.  If  these  cables  were  not  earthed  then  the 
currents  would  not  flow  and  degradation  would  be 
eliminated.  Insulators  were  incorporated  in  the 
conductor  fittings  but  to  no  avail;  the  damage 
appeared  as  before.  Suggestions  were  made  that, 
since  the  damage  always  occurred  near  to  fittings, 
the  problem  was  one  of  small  radii  metallic  parts 
raisi.g  the  local  electric  field.  Several  stress 
relieving  devices  were  proposed  and  tried  but  no 
improvement  was  observed. 

The  cable  manuf ac turers  then  turned  to 
resisting  rather  than  preventing  the  electrical 


In  order  to  gain  experience  at  more  nearly  the 
correct  scale,  an  outdoor  test  facility  was  set  up 
on  a  coastal  site.  A  10  m  long,  275  kV  (159  kV  to 
ground)  busbar  was  suspended  horizontally  by  tension 
insulator  strings  between  two  vertical  steel  towers 
16.75  m  apart.  Up  to  six  cable  samples  could  be 
suspended  between  these  towers,  parallel  to  the 
busbar  and  on  an  arc  1  m  distant  from  it.  Both  ends 
of  the  cable  samples  were  earthed.  The  calculated 
potential  at  the  centre  of  the  dry,  insulating 
cables  parallel  to  the  275  kV  busbar  was  75  kV. 

Observation  has  revealed  that  electrical 
activity  is  confined  to  periods  of  heavy  mist, 
drizzle,  and  dryi ag  after  rainfall.  No  visible 
activity  occurs  when  the  cable  is  well  wetted  or 
when  it  is  dry.  Af^er  rainfall  dry  bands  form  more 
or  less  randomly  along  the  end  few  metres  of  the 
cable  and  glow  discharges  run  circumferentially 
around  the  ends  of  the  cylinders  of  wetted  surface. 
The  two  rings  of  discharge  are  separated  by  up  to 
50  mm  of  dry  surface  over  which  run  thin  serpentine 
unstable  arcs.  While  damage  to  the  sheaths  which 
degraded  (not  ail  did,  was  heaviest  near  the  cable 
ends,  some  damaged  areas  were  bounded  by  undamaged 
cable.  A  metal  electrode  was  not  necessary  for 
damage  to  occur. 

To  gain  further  insight  into  what  happens  in 
practical  operation,  two  lengths  of  cable  were 
joined  and  strung  on  one  308  m  span  of  a  double 
circuit  400  kV  power  line.  One  half  of  the 
lesulting  cable  was  sheathed  in  polyethylene  and  the 
other  in  a  degradation  resistant  material.  The  end 
regions  of  the  cable  were  examined  by  eye  at  monthly 
intervals.  After  exposure  for  four  months  the 
polyethylene  sheath  was  noticeably  degraded.  The 
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form  and  course  of  the  degradation  was  similar  to 
that  observed  on  the  outdoor  capacitively  coupled 
rig  and  to  that  seen  on  some  of  the  small  scale 
laboratory  experiments.  Initially  the  material 
surface  loses  its  hydrophobic  nature.  This  is 
followed  by  the  destructive  phase  which  is 
essentially  a  melting  and  relaxation  process  that 
eventually  exposes  the  cable  core.  After  nine 
months  exposure  the  polyethylene  half  span  was  so 
badly  degraded  that  it  was  removed  and  replaced  with 
a  second  degradation  resistant  cable.  To  date, 
after  just  over  a  year,  the  original  degradation 
resistant  cable  has  not  suffered  degradation. 


Induced  Voltages  and  Currents 


The  electric  potential  and  the  currents  flowing 
at  any  point  on  an  optical  cable,  strung  on  a  power 
line  separately  from  the  conductors,  are  determined 
by  the  phase  voltage  and  frequency,  the  conductance 
of  the  cable  or  the  pollutants  on  it  and  the 
capacitive  impedances  from  the  cable  to  the  line  and 
ground.  The  capacitances  per  unit  length  to  line 
and  earth,  Cj  and  C* ,  are  broadly  constant 
throughout  the  span  and  are  governed  by  the  geometry 
of  the  phase  and  earth  conductors  and  the  supports . 
Near  to  the  supports  the  capacitance  to  ground  rises 
sharply  and  there  are  minor  variations  along  the 
span  caused  by  sag,  which  itself  varies  with  the 
weather . 


Normalized  i-v  characteristics 


The  analysis  given  in  the  Appendix,  which 
assumes  that  capacitances  and  resistance  per  unit 
length  are  constant,  shows  how  potential  and  current 
at  any  position  on  a  cable  vary  over  the  full  range 
of  cable  specific  resistance,  line  voltage  and 
constructional  practice.  The  normalized  plots  shown 
in  Fig.  1  are  a  convenient  way  to  display  the 
information.  Current  and  voltage  characteristics 
have  been  drawn  for  a  range  of  values  of  k ,  where  k2 
is  the  normalized  cable  resistance.  When  the  cable 
has  zero  resistance  it  is  at  ground  potential  along 
its  entire  length.  The  current  then  builds  linearly 
from  zero  at  mid-span  to  a  maximum  at  the  support, 
determined  by  the  line  voltage  and  the  capacitive 
impedance  between  the  half-span  and  the  line.  When 
the  cable  resistance  is  infinite,  the  current  flow 
along  the  cable  is  zero  everywhere  and  the  cable  is 
at  a  constant  potential  determined  by  the  ratio  of 
the  capacitive  impedances  to  line  and  ground.  For 


finite  resistances  the  resistive  impedance  to  ground 
falls  as  the  support  is  approached.  Hence  the 
potential  will  also  fall  and  the  current  rise  in  the 
manner  illustrated  by  Fig.  1.  To  obtain  current  and 
potential  values  for  a  specific  case  it  is  necessary 
to  assign  values  to  the  parameters  I0,  V0  and  R, 
which  together  with  k  are  defined  in  the  Appendix. 
The  advantage  of  using  these  parameters,  rather  than 
the  frequency  capacitances  from  which  they  can 
be  derived,  is  that  at  least  in  principle  they  are 
measurable  experimentally. 

Most  of  the  electrical  activity  is  confined  to 
a  length  of  cable  adjacent  to  the  support.  The 
concept  of  an  active  length,  6,  is  introduced  and 
defined  in  the  Appendix.  It  is  dependent  on  only 
the  line  geometry,  circuit  status  and  cable 
resistance.  When  the  active  length  is  much  shorter 
than  the  half-span,  which  is  usually  the  case  on 
power  transmission  lines,  the  earth  leakage  current 
is  as  though  drawn  from  the  line  through  a  capacitor 
of  value  Cj6.  Although  the  earth  leakage  current 
falls  with  6,  the  heating  per  unit  length  at  the 
support  approaches  an  asymptote.  In  most  practical 
cases  heating  will  be  at  this  asymptotic  level, 
leading  a  wet  cable  to  dry  preferentially  near  the 
support.  In  general  the  effect  of  increased 
capacitance  to  ground  near  to  the  towers  is  a  minor 
perturbation,  which  will  only  affect  the 
characteristics  of  Fig.  1  significantly  when  the 
cable  specific  resistance  is  greater  than  about 
10  Mft/m  and  will  act  to  limit  the  longitudinal  field 
at  the  support. 


Dry-band  Formation 


It  is  our  experience  that  wet  aged  cable 
sheaths  have  resistances  which  vary  widely  in  the 
range  1-100  Mft/m.  Drenching  with  simulated  sea 
water  decreases  these  values  to  around  100  kR/m  but 
this  is  an  unusual  extreme.  When  dry,  the  aged 
cables  have  resistances  of  many  gigohms  per  metre, 
which  is  high  enough,  when  carrying  the  calculated 
currents,  to  sustain  a  surface  field  which  would 
break  down  air.  A  wet  cable  suspended  on  a  power 
line  is  likely  to  dry  preferentially  near  the 
supports,  partly  because  the  cable  slopes 
encouraging  water  to  drain  away,  and  partly  because 
the  current  and  hence  the  electrical  heating  is 
highest  there.  The  exact  site  where  crystallization 
of  electrolye  first  occurs  will  be  to  some  extent 
random,  but  at  that  site  rapid  drying  will  ensue. 
Heating  in  the  surface  film  will  rise  as  its 
resistance  rises,  creating  an  unstable  runaway 
condition.  In  direct  contrast,  drying  around  the 
circumference  of  the  cable  at  this  site  will  be  even 
because  all  current  carrying  paths  are  in  parallel 
and  heating  will  be  highest  in  the  path  with  the 
least  resistance.  Fig.  2  shows  how  the  heating  in, 
the  voltage  across  and  the  current  passing  through 
the  drying  band  vary  with  its  resistance  for  a 
400  kV  case.  It  can  be  seen  that  the  voltage 
developed  across  a  drying  band,  likely  to  be 
initially  of  the  order  of  the  cable  diameter  in 
length,  will  rapidly  reach  that  required  to  flash 
over  the  surface.  The  dry-band  will  then  grow  until 
its  length  just  matches  the  voltage  available  to 
break  down  the  gap.  Figure  3  shows,  for  the  same 
400  kV  case  how  the  available  potential  difference 
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Figure  2  A  developing  dry-band 


across  a  dry-band  varies  with  position  and  sheath 
specific  resistance.  Photography  has  shown  that 
this  available  voltage  may  be  shared  between  two  or 
more  smaller  dry-bands. 


Figure  3 _ Voltage  across  a  dry-band 


Level  of  Degradation  Threat 

Although  it  has  not  been  finally  proved,  it 
seems  likely  that  sheath  degradation  is  caused  by 
arc-root  heating.  In  that  case  the  two  important 
parameters  in  determining  the  heating  are  the  arc 
striking  voltage  and  the  current  flow  or  charge 
transfer,  which  are  related.  It  can  be  seen  from 
Fig.  3  that  at  the  support  the  striking  voltage  is 
usually  VQ.  The  current  flow  during  dry-band 
arcing  will  be  in  bursts,  of  a  frequency  much  higher 
than  the  power  frequency,  caused  by  repeated 
charging  from  the  power  line  and  discharging  through 
the  arc,  of  the  capacitor  formed  by  the  optical 
cable  and  ground.  It  is  not  possible  at  this  stage 
to  analyse  this  complex  dynamic  situation,  but  it  is 
probable  that  the  maximum,  power  frequency,  earth- 
leakage  current  IQ  provides  a  measure  of  the  arc 
current,  however  imperfect. 


Figure  4  In  and  V„  for  a  132  kV  line 

Fig.  4  shows  how  IQ  and  VQ  vary  with  height  on 
the  centre  line  of  a  double  circuit  (both  live) 

132  kV  line,  a  voltage  at  which  no  in-service 
degradation  has  been  seen.  The  values  are  an  order 
of  magnitude  lower  than  those  calculated  for  a 
typical  UK  400  kV  line.  Fig.  5  shows  similarly  how 
VQ  varies  with  height  on  the  centre  line  of  a 
400  kV  line.  In  determining  the  optimum  stringing 
position  more  than  one  case  must  be  considered.  On 
a  double  circuit  line  one  or  both  circuits  nay  be 
live.  If  only  one  circuit  is  live  the  other  may  be 
either  earthed  or  floating.  As  if  that  were  not 
enough,  the  relative  phasing  may  vary  from  line  to 
line;  lines  carrying  more  than  two  circuits  are  even 
more  complex. 


Figure  5  V„  for  a  400  kV  line 

The  voltage  alone  is  not  enough  to  determine 
the  threat  level.  Geometry,  which  includes: 
conductor  spacing  and  size,  ground  clearance, 
relative  phasing,  earthwire  positions  and 
subconductor  spacings,  is  equally  important.  These 
complexities  are  not  insurmountable,  but  they  must 
be  fully  appreciated  before  self  supporting  optical 
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cables  which  are  reliable  can  be  designed  and 
tested. 


Discussion 

We  have  shown  theoretically  that,  as  is  found 
in  practice,  dry-banding,  and  the  degradation  caused 
by  it,  is  confined  to  an  active  length  of  •cable 
adjacent  to  the  support.  The  crucial  support 
feature  which  ensures  this  is  the  availability  of  a 
path  for  a  modest  current  to  flow  to  earth.  Field 
shaping  on  cable  fittings  was  ineffective  in 
preventing  degradation  because  stress  raising  was 
not  the  main  degradation  mechanism.  Insulated 
fittings  were  equally  ineffective.  The  insulators, 
which  had  relatively  short  creepage  paths,  and  were 
as  susceptible  to  pollution  as  the  cable,  were 
ineffective  in  preventing  milliamp  sized  currents 
from  flowing  to  earth.  The  rapid  rise  in  the 
capacitance  between  cable  and  ground  near  to  the 
supports,  far  from  being  a  causative  factor,  is  seen 
to  be  helpful  in  limiting  longitudinal  fields. 

Conclusions 


Large  scale  outdoor  experiments  have  confirmed 
that  dry-band  arcing  is  the  main  mechanism  causing 
sheath  degradation  in  self  supporting  optical  cable 
strung  on  power  lines.  Experimental  and  theoretical 
results  show  that  the  threat  of  damage  will  be 
confined  to  cable  adjacent  to  the  support  positions. 
Analytical  expressions  have  been  derived  for  the 
voltages  and  currents  induced  on  self  supporting 
cables,  and  for  the  voltage  available  for  dry-band 
arcing  for  any  power  line.  These  expressions  can  be 
used  to  assess  the  level  of  threat  and  the  best 
stringing  position  for  cable  on  a  given  power  line. 
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Appendix:  Theoretical  Analysis  of  Potentials 
and  Currents  on  an  Optical  Cable 

Consider  an  optical  cable  suspended  between  the 
supports  of  an  overhead  power  line  which  carries  one 
or  more  circuits.  The  capacitive  coupling  between 
the  cable  and  the  line  will  be  made  up  of  the  sum  of 
the  capacitances  to  each  of  the  phase  conductors. 

The  inductive  coupling,  which  would  dominate  if  the 
cable  resistance  were  very  low,  is  ignored.  We  will 
assume  that  the  circuits  are  all  synchronous.  An 
equivalent  capacitance  per  unit  length  between  the 
optical  cable  and  the  line,  whose  terms  are  grouped 
by  phase,  can  be  written: 


C,  =  ire{(a,  +  a,..)  +  <1(0,  +  0?..)  +  4J(r,  +  r8..)} 

...  (1) 


where  ♦  =  -£(1  -  j/3)  and  a,  0  and  T  are  the 
geometric  terms  reflecting  the  relative  positions 
and  sizes  of  the  optical  cable  and  phase  conductors 
of  circuits  1,  2  ..  n.  We  can  then  define  the 
reference  phase  of  the  system  voltage  Vg  to  ground, 
such  that  Ci  will  have  no  imaginary  component. 
Similarly  the  capacitance  per  unit  length  of  the 
cable  to  ground,  C2,  is  the  sum  of  the  capacitances 
to  the  ground  plane,  the  earthwire  and  the 
conductors  of  any  earthed  circuits.  If  we  assume 
that  Ci,  C2  and  R,  the  resistance  per  unit  length  of 
the  cable,  are  independent  of  position  the  problem 
can  be  treated  quite  simply. 

Consider  the  infinitesimal  element  shown 
below: 


LINE 


OPTICAL  CABLE 


GROUND 

vr/r. 


Cidx 

, 

V  VIA 

Rdx 

C,dx 
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It  is  convenient  to  define  normalized 
parameters  for  voltage,  current,  position  and 
specific  resistance  which  simplify  the  algebra  and 
generalize  the  results.  Thus: 


i  and 


I  RL 
o 

V 

o 


where:  L  is  the  half-span,  VQ  the  cable  potential 
when  R  tends  to  infinity,  Vs  the  phase  to 
ground  system  voltage,  and  IQ  is  the  earth 
leakage  current  when  R  is  zero. 


Write  K  =  (1  +  j)  t  ■ ■  •  (8) 

where  6 2  =  uR(Ci  +  Cj) 


Here  6,  which  we  will  call  the  active  length, 
represents  the  length  of  cable  adjacent  to  the 
support  along  which  most  of  the  electrical  activity 

occurs.  When  L  »  6,  as  will  usually  be  the  case, 
equation  (5a)  reduces  to 


By  considering  current  continuity  at  the  node 
and  resistive  potential  drop  along  the  element  we 
can  write: 


i(l)  =  fj-  (1  -  j) 


(9) 


and 


hence 


dv 

d? 


dd 

dV 


so  the  earth  leakage  current,  for  a  uniformly 
resistive  cable,  will  have  the  magnitude 
I(L)  =  VswCi6.  The  two  ends  of  the  cable  will  be 
independent  of  each  other  and  of  the  span  length; 
the  earth  leakage  current  will  be  as  though  drawn 
from  the  line  through  a  capacitor  of  value  Ci6. 

...  (3) 


...  (4) 


The  cable  is  earthed  at  the  support,  so  if  we  choose 
5  =  0  at  mid-span  where  i  is  zero,  a  solution  for 
equation  (4.)  is 


i«) 


sinh 

k  cosh  K 


...  (5) 


and  the  normalized  earth  leakage  current 


i(l) 


tanh  k 
K 


(5a) 


and  from  (3)  : 


v(5)  =  1  - 

cosh  r 


...  (6) 


so  the  mid-span  potential 


/(o)  =  1  -  [cosh  k] *  1 


(6a) 


If  a  cut  of  infinite  resistance  is  made  in  the  cable 
a  distance  D  (i.e.  a  proportion  d  =  D/L)  from  the 
support  then  by  analogy  with  (6a)  the  normalized 
voltage  appearing  across  that  cut  is: 


v(d)  =  [cosh  Kd]“*  -  [cosh  K(2-d)]”‘  ...  (7) 


The  parameter  k  is  complex. 
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Abstract 

A  single-mode  optical  cable  network  is  presented 

-  meeting  all  subscriber  requirements  for  indivi¬ 
dual  communication  (conventional  telephone, 
videophone,  data  exchange)  and  broadband  dis¬ 
tribution  services  (TV,  stereo  channels,  data 
services) 

-  capable  of  being  used  without  modifications  for 
further  services  (i.e.  HDTV)  and  new  systems 
(i.e.  coherent  detection). 

Cables  based  on  high-fibre-density  loose-tube  de¬ 
sign  and  containing  up  to  840  fibres  have  been  de¬ 
veloped,  meeting  all  the  requirements  for 
the  introduction  of  this  network. 


Introduction 

Optical  communication  systems  have  reached  a  high 
technical  and  economical  standard,  proved  by  the 
fact  that  about  10  million  kilometers  of  optical 
fibres  have  been  cabled  and  installed  up  to  now 
throughout  the  world. 

Nevertheless,  the  introduction  of  optical  commu¬ 
nication  systems  considerably  depends  on  the  net¬ 
work  level: 

While  mainly  optical  systems  are  installed  instead 
of  copper  systems  in  trunk  networks  [  1  ],  in 
subscriber  networks  almost  all  the  operating  and 
even  newly  installed  systems  are  based  on  copper 
cables  (although  the  reliability  and  high  perfor¬ 
mance  of  optical  subscriber  networks  were  demon¬ 
strated  already  long  ago  |  2  J. 

The  reasons  for  this  difference  are  well  known: 

-  the  existing  symmetrical  copper  cables  are  suffi¬ 
cient  and  cost-effecti ve  for  narrowband  services 
(telephone,  data  transmission) 

-  coaxial  cable  systems  are  an  economic  and  reli¬ 
able  solution  for  broadband  distribution  servi¬ 
ces  (radio,  TV) 

-  new  services,  especially  those  requiring  a  high 
bandwidth  (videophone,  videoconference),  which 
can  only  be  handled  using  optical  systems  are 
not  yet  used  extensively. 

Considering  this  situation,  the  installation  of 
optical  subscriber  networks  instead  of  copper  net¬ 
works  will  be  enhanced  (in  addition  to  cost- 
effectiveness),  depending  on  the  following  condi¬ 


tions: 

-  all  existing  subscriber  requirements  (conventio¬ 
nal  telephone,  TV,  stereo  audio  channels,  data 
services)  can  be  met 

-  transmission  of  future  services  (HDTV,  video¬ 
phone,  high-speed  data  transmission)  is  possible 
without  modification  of  the  cable  network 

-  application  of  ne..  systems  (i.e.  coherent  detec¬ 
tion)  is  possible 

-  the  same  star  network  design  is  used  as  for  the 
existing  copper  system  (step-by-step-introduc- 
tion  of  optical  systems  and  replacement  of  copp¬ 
er  by  optical  fibres) 

-  the  same  cable  design  and  splicing  technique  is 
used  as  for  existing  optical  cable  systems  (re¬ 
liability,  use  of  existing  cables  in  an  initial 
stage) 

A  network  meeting  all  these  requirements  is  pre¬ 
sented  here. 


All  services  are  transmitted  on  one  single-mode 
fibre.  The  communication  and  distribution  servi¬ 
ces,  however,  are  independent  and  strictly  separa¬ 
ted  using  2  different  windows:  the  second  window 
(1200  -  1330  nm)  for  communication,  and  the  third 
window  (1500  -  1600  nm)  for  distribution  servi- 
ces  [  3  ] . 

A  bi-directional  transmission  is  used  in  both 
windows. 

The  separation  of  the  2  windows  and  of  the  forward 
and  backward  signals  within  each  window  is  reali¬ 
zed  by  means  of  wavelength  division  multiplexers 
(WDM). 

This  design  allows  a  gradual  introduction  of  new 
services  and  the  corresponding  terminal  equipment: 

-  For  broadband  communication 
bi-directional  transmission  each  at  150  Mbit/s 
for  the  forward  and  backward  channel. 

-  For  additional  distribution  services 

four  150  Mbit/s  channels  from  centre  to  sub¬ 
scriber  to  be  selected  from  an  "unlimited"  number 
of  channels  via  a  narrowband  backward  signal. 

-  For  coherent  systems 

n  channels  with  m  Mbit/s  per  channel  where  n  and 
m  do  not  have  to  be  fixed,  and  so  future  require¬ 
ments  can  always  be  met. 
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Both  wavelength  windows  are  easily  combined  and 
separated  by  existing  components,  i.e.  taper  cou¬ 
plers  or  interference  multiplexers  [  4  ]. 

The  separation  of  the  forward  and  backward  channel 
within  each  window  is  more  critical  [  3  ]: 

In  order  to  minimize  the  WDM  costs  for  the  re¬ 
quired  low  crosstalk  a  separation  of  more  than 
60  nm  between  the  forward  and  backward  channels  is 
necessary,  and  therefore  a  wavelength  range  from 
1200  to  1600  nm  for  single-mode  operation  is  re¬ 
quired. 

Fibres  and  cables 

The  single-mode  operational  window  of  a  cable  sys¬ 
tem  is  given  by 

-  modal  noise  (short  wavelength  limit)  f  5  j 

-  microbending  and  macrobending  losses  of  the  fun¬ 
damental  mode  (long  wavelength  limit). 

In  order  to  ensure  the  large  single-mode  wave¬ 
length  range,  the  fibres  to  be  cabled  must  have  an 
adequate  mode  field  diameter  and  cutoff  wave¬ 
length;  furthermore  macrobendings  and  microben¬ 
dings  must  be  avoided  as  far  as  possible  due  to 
cable  design  and  production. 

The  fibres  used  for  the  cables  are  standard  mat¬ 
ched  cladding  single-mode  fibres.  They  have  a  mode 
field  diameter  of  between  9,5  and  9,8  urn  at  1300nm 
and  cutoff  wavelength  a  of  between  1230  and 
1290  nm.  c 

Theoretical  calculations  and  experimental  results 
carried  out  in  the  meantime  have  demonstrated  that 
larger  mode  field  and  cutoff  wavelength  toleran¬ 
ces  are  possible. 

Economical  small-size  high-fibre-density  high- 
fibre-count  cables  are  required  for  subscriber 
networks.  Many  cable  designs  meeting  these  require¬ 
ments  are  possible  f  6  |.  However  considering  the 
fact  that  the  loose  tube  design  is  well  suited  for 
minimizing  microbends  and  that  this  cable  type  has 
been  succesfully  installed  and  proven  its  reliabi¬ 
lity  in  the  networks  of  the  Deutsche  Bundespost 
[_  1  j  and  in  many  other  countries,  we  have  also 
used  this  construction  for  our  developments. 

The  cables  are  based  on  an  improved  loose  tube  de¬ 
sign,  each  tube  containing  1,5,  10  or  20  fibres. 

A  common  basic  unit  contains  six  20-fibre  tubes. 
For  purposes  of  identification,  the  fibres  are 
colour-coded  by  10  different  colours  and  by  addi¬ 
tional  black  ring  marking. 

While  conventional  copper  cables  contain  up  to 
2000  pairs,  a  maximum  fibre  count  of  about  800 
seems  to  be  sufficient  for  optical  cables,  be¬ 
cause  each  subscriber  is  only  supplied  with  one 
fibre,  and  one  copper  cable  can  be  replaced  by 
three  optical  cables  by  subdividing  the  existing 
cable  ducts,  if  the  cable  diameter  is  sufficient¬ 
ly  small. 

The  fibre  count  of  the  largest  cable  is  840.  This 
cable  consists  of  7  basic  units.  The  outer  diame¬ 


ter  of  this  cable  is  35  mm,  resulting  in  almost 
the  same  fibre  density  achieved  by  ribbon  cables. 
A  modular  cable  design  and  different  fibre  counts 
per  tube  ensure  an  optimum  fitting  to  each  re¬ 
quirement. 

The  cross-section  of  the  120-fibre  basic  unit  of 
the  840-fibre  cable  and  a  view  of  the  120-fibre 
cable  are  given  in  the  following  figures: 


Colour-coded 

fibre 

Counter  tube 
Tube 

Central  member 

Filling  compound 
Wrapping 


Fie.  1  Cross  section  of  120-fibre  basic  unit 
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element 
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Strength- 
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Polyethylele 

sheath 


Fie. 2  Cross  section  of  840-fibre  cable 
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which  complies  with  theoretical  findings  [’  7  ] . 
Taking  into  account  the  fact  that  matched  cladding 
fibres  are  used,  the  cable  cutoff  wavelength  is 
mainly  given  by  the  two  76  mm  loops  used  in  the 
arrangement  for  the  A  measurement. 


Fig. 3  120-fibre  cable 


1200  1400  1600 

wavelength  [nm] 


Fig. 4  Spectral  attenuation  of  cabled  fibres 


Cable  production 

The  different  cable  production  stages  are  as 
fol lows: 

-  colour  coding 

-  tubing  (secondary  coating) 

-  stranding 

-  sheathing 

The  most  critical  step  is  tubing,  because  high- 
fibre  density  requires  precise  control  of  the  ex¬ 
cess  fibre  length  in  the  tube;  developments  for 
speeding  up  this  process  are  in  progress. 

Cable  properties 

Fig.  4  shows  the  spectral  attenuation  of  the 
cabled  fibres.  Even  at  1600  nm  the  attenuation  is 
sufficiently  small. 

The  cutoff  wavelength  A  of  the  fibres  and  A 
of  the  cabled  fibres  [6]  cwere  measured.  cc 

The  average  values  from  40  fibres  are  as  follows: 

=  1263  nm  +  8  nm 

A  cc  -  1161  nm  +  15  nm 

The  difference  between  Ac  and  Acc  is  ~  100  nm. 


In  order  to  ensure  single-mode  operation  of  the 
cable  network  even  at  1200  nm,  an  additional  76mm 
loop  is  included  close  to  the  terminal  equipment 
of  the  1200  nm  channel . 

Furthermore,  the  behaviour  of  the  fibres  as  a 
function  of  the  cable  tensile  load  was  measured  at 
the  120-fibre  cable,  as  shown  in  Fig.  5. 


Cable  tonsil#  force  [IN] 


Fig. 5  Fibre  strain  and  attenuation  change 
(at  1550  nmi  vs  cable  tensile  load 


124  International  Wire  &  Cable  Symposium  Proceedings  1988 


Conclusions:  -  Fibres  with  and  without  ring 

marking  have  a  similar  behaviour. 

-  The  excess  fibre  length  has  been 
well  controlled. 

(The  measured  value  of  0.35%  exact¬ 
ly  meets  the  theoretical  value  of 
0.33%). 

-  The  fibres  in  the  cable  are  stress- 
free  under  standard  operational 
conditions,  and  high  reliability  is 
thus  ensured. 

The  temperature  behaviour  of  the  cabled  fibre  at¬ 
tenuation  slightly  depends  on  the  colour  coding 
(and  naturally  on  the  wavelength).  Fig.  6  shows 
performance  under  worst-case  conditions  (ring 
marking,  1550  nm  wavelength). 
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Fie. 6  Attenuation  change  of  cabled 
fibres  vs  temperature 


The  temperature  behaviour  of  the  attenuation  is 
already  sufficient.  Additional  improvements  can  be 
reached  by  better  optimiziation  of  the  tubing  pro¬ 
cess. 

Summarizing,  it  has  been  shown  that  a  very  high- 
fibre-density  cable  based  on  the  loose  tube  design 
can  be  manufactured  with  a  large  single-mode  oper¬ 
ational  window  and  good  optical  and  mechanical 
properties. 

Fibre  splicing 

Up  to  now,  single-fibre  splicing  methods  based  on 
fusion  methods  or  mechanical  coupling  methods  have 
reached  a  high  standard  of  reliability  and  prac¬ 
ticability  [  9,  10,  11  |.  However,  with  the  in¬ 
creasing  number  of  fibres  per  cable  required  in 


subscriber  networks,  it  is  becoming  more  and  more 
important  for  faster  splicing  methods  to  be  avai¬ 
lable  which  are  adapted  to  cable  construction. 

Analysing  the  particular  steps  of  single-fiber 
splicing  methods,  it  is  conspicuous  that  it  is  not 
the  splicing  process  itself,  but  preparation,  fi¬ 
ber  handling  and  mounting  the  splice  protection 
which  are  the  timeconsuming  aspects  of  the  spli¬ 
cing  process.  It  is  thus  obvious  that  splicing 
time  should  be  reduced  by  introducing  multiple 
splicing  techniques,  where  the  timeconsuming  sta¬ 
ges  can  be  effected  simultaneously  for  several 
f ibres. 

The  splicing  technique  is  strictly  related  to  the 
cable  design. 

The  following  table  shows  the  advantages  and  dis¬ 
advantages  for  the  splicing  technique  of  the  loose 
tube  cable  design  compared  with  the  ribbon  cable 
design,  which  is  also  suited  for  future  subscriber 
networks  [  6  ] . 


Stages  in  splicing  procedure 

Removing  the  buffer-jelly 

Removing  the  buffer 

Removing  the  primary  coating 

Simultaneous  removing  the 
primary  coating  and  buffer 

Fibre  sorting 

Fibre  cutting 

Subsequent  axial  adjustment 
of  the  fibres 

Subsequent  switching  of 
individual  fibres 

Branching 


Loose  tube  unit _  Ribbon  unit _ 

necessary  not  necessary 

simultaneously  possible  for  several  fibres 
simultaneously  possible  for  several  fibres 


not  possible 


possible 


necessary 


not  necessary 


simultaneously  possible  for  several  fibres 


possible 


not  possible 


possible 

easy 


not  possible 
difficult 


The  comparison  shows  that  both  cable  designs  are 
nearly  equivalent  in  their  influence  on  the  spli¬ 
cing  technique.  Ribbon  cables  allow  slightly  more 
economic  features  by  simultaneously  removing  the 
primary  coating  and  fibre  buffer  and  sorting  the 
fibres  in  the  ribbon. 

Loose  buffer  cables  have  advantages  with  regard  to 
the  possibilities  of  subsequent  axial  adjustment 
of  the  fibres  thus  allowing  higher  tolerances  in 
the  multiple  cutting  process  and  in  subsequently 
switching  and  branching  individual  fibres. 
Furthermore,  it  is  possible  to  overcome  the  re¬ 
maining  disadvantages  of  fibre  bundles  by  conver¬ 
ting  the  fibres  into  a  quasi-ribbon  by  means  of 
additional  tools. 

Summarizing,  loose  tube  cables  have  no  disadvan¬ 
tages  regarding  splicing. 

For  subscriber  networks,  fusion  splicing  techni¬ 
que  is  favoured  because  of  the  following  advan¬ 
tages  when  compared  with  mechanical  splices: 

-  The  self-aligning  effect  can  be  used  for  low 
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geometrical  tolerance  single-mode  fibres. 
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-  The  longitudinal  fibre  offset  and  the  quali¬ 
ty  of  the  fibre  endfaces  are  less  critical. 

-  Index  matching  materials  for  avoiding  light 
reflections  are  not  necessary. 

-  Longterm  stability  is  ensured. 

Furthermore,  the  fusion  splicing  technique  has 
been  used  sucessfully  in  most  cable  networks 
all  over  the  world. 

ANT  Telecommunications  is  one  of  the  two  spli¬ 
cing  equipment  suppliers  for  the  Deutsche  Bun- 
despost  (German  PTT). 

A  "sandwich"  has  been  developed  for  the  splice 
protection,  consisting  of  a  V-grooved  small 
aluminium  plate  covered  by  a  permanently  elas¬ 
tic  material.  Using  a  special  tool,  the  splice 
can  be  easily  positioned  in  the  sandwich,  and 
the  plate  is  compressed.  The  whole  procedure 
only  involves  a  few  seconds.  The  sandwich  has 
already  been  introduced  for  single-fusion  spli¬ 
cing  by  the  Deutsche  Bundespost  since  1985. 
Further  development  for  mass  splicing  can  be 
achieved  very  easily  by  broadening  the  sandwich 
and  modifying  the  fusion  splice  equipment. 

Summarizing,  fusion  splicing  is  a  favoured 
technique  for  broadband  subscriber  networks. 
For  further  economic  progress,  this  technique 
can  be  enhanced  for  reliable  multiple-fibre 
splicing. 

Conclusion 

A  single-mode  optical  cable  network  has  been 
presented  meeting  all  the  specifications  re¬ 
quired  for  present  and  future  subscriber  commu¬ 
nication  systems. 

Particulary  high-fibre-count  cables  based  on  a 
loose  tube  design  have  been  developed  which 
have  the  following  features  (not  yet  in  produc¬ 
tion  but  in  the  laboratory! 

-  good  optical  and  mechanical  performance 

-  a  large  single-mode  operational  window  (1200- 
1600  nm) 

-  high  fibre  density. 

Because  the  network  design  is  as  far  as  possib¬ 
le  the  same  as  for  existing  copper  and  optical 
systems  (star  network,  loose  tube  cables, 
fusion  splicing  technique),  a  gradual  introduc¬ 
tion  of  the  optical  subscriber  network  and  a 
gradual  replacement  of  copper  by  optical  fibres 
can  be  easily  achieved  in  accordance  with  cur¬ 
rent  requirements. 
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Summary 

Since  1983,  when  high  speed  multiplexers 
operating  over  fiber  feeder  cables  were  first 
introduced,  the  race  has  been  on  to  fiber  the  "last 
mile"  of  the  telephone  distribution  network.  This  year 
several  fiber  distribution  systems  have  been  proposed. 
AT&T’s  system,  the  first  in  service  in  August  1988,  is 
based  on  the  SLC®  Series  5  Digital  Loop  Carrier 
System,  which  has  been  extended  to  include  the 
distribution  plant.  An  all  fiber  network  is  completed 
by  using  DDM-1000  ( DS3 )  or  higher  rate  multiplexers 
in  the  feeder  plant.  This  first  Fiber-to-the-Home 
system  will  enable  the  Telephone  Companies  to 
prepare  for  future  wideband  services  in  an 
evolutionary  and  economical  manner. 


All  Fiber  Loop  Architecture 

The  final  barrier  in  the  loop,  the  so  called  "last 
mile"  has  finally  been  breached.  Since  1983,  when 
high  speed  multiplexers  operating  over  fiber  feeder 
cables  were  first  introduced  into  the  network,  the  race 
has  been  on  to  complete  the  fiber  picture  with  a  fiber 
distribution  network.  With  the  introduction  of  fiber 
distribution  and  drop  cables  into  the  network  this 
year,  AT&T’s  system,  using  the  SLC®  Series  5  Digital 
Loop  Carrier  System,  bridges  the  span  from  a  copper 
network  to  an  all  fiber  network.  The  SLC  Series  5 
Digital  Loop  Carrier  System,  in  conjunction  with  the 
DDM-1000  in  the  feeder,  is  the  first  production  all 
fiber  network;  see  Figure  I.  This  all  fiber  network 
will  enable  the  Telephone  Companies  to  position 
themselves  for  future  wideband  services  in  an 
evolutionary  and  economical  manner.  Initially 
AT&T’s  system  provides  POTS  (Plain  Old  Telephone 
Service)  type  services,  with  enhanced  services 
following  shortly  thereafter. 

Technology  in  the  Loop 

The  architecture  of  this  system  is  based  on  the 
SLC  Series  5  Digital  Loop  Carrier  System,  which  has 


been  extended  from  a  feeder  only  system  to  include 
the  loop  distribution.  The  basic  system  consists  of  a 
SLC  Series  5  central  office  terminal  connected  to  a 
SLC  Series  5  remote  terminal  over  a  DDM-1000 
Multiplexer  in  the  feeder  plant.  The  subscriber  side 
of  the  remote  terminal  is  connected  to  an  optical  shelf; 
fiber  jumpers  coming  from  this  go  to  a  fiber 
interconnect  The  fiber  interconnect  terminates  the 
fiber  distribution  cables,  which  run  to  the  distant 
terminal,  mounted  on  the  outside  of  the  customer 
premises.  The  following  sections  elaborate  on  these 
system  components. 

Central  Office  Terminal  and  Feeder  Plant:  The 
standard  SLC  Series  5  channel  bank,  with  all  the 
common  plug-in  units  is  the  Central  Office  Terminal 
(COT)  used  in  this  system.  The  COT  channel  bank 
demultiplexes  the  DS1  signals  to  DSO  signals  for 
switch  input.  Since  the  initial  offering  will  be  POTS 
service,  standard  POTS  channel  units  will  be  used  in 
the  central  office  terminal. 

The  DDM-1000,  operating  at  45,  90,  or  180  Mb/s 
in  the  feeder  part  of  the  loop,  transports  the  DS1 
(1.544  Mb/s)  SLC®  Series  5  signals  between  the 
central  office  and  the  remote  terminal.  Single-mode 
fiber  cable  is  used  in  this  feeder  portion  of  the  loop 
plant.  If  desired,  higher  rate  systems,  such  as 
AT&T’s  FT  Series  G  at  417  Mb/s,  can  also  be  used. 
The  feeder  part  of  the  system  is,  in  fact,  no  different 
from  that  used  when  SLC  Series  5  serves  conventional 
copper  distribution.  Copper  feeder  could  even  be 
used,  but  would  be  unusual  with  fiber  distribution. 

Remote  Terminal:  The  remote  terminal  also  uses 
the  standard  SLC  Series  5  bank,  and  all  the  common 
plug-in  units,  but  it  has  new  channel  units.  These 
channel  units  are  connected  to  optical  units,  in  an 
optical  shelf,  by  twisted  pairs  using  standard  710 
connectors.  Four  optical  shelves,  mounted  under  the 
SLC  Series  5  banks  can  serve  a  maximum  of  192 
customers  (two  SLC  Series  5  Dual  Channel  Banks); 
see  Figure  2.  The  optical  shelf  is  connected  by  fiber 
jumpers,  with  ST®  connectors  on  each  end,  to  a  fiber 
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interconnect,  which  terminates  the  fiber  distribution 
cable.  The  complete  arrangement  is  housed  in  the 
initial  trials  in  Controlled  Environment  Vaults  (CEV). 
In  1989  deployment  in  smaller  above  ground 
enclosures  will  be  available. 

Channel  Units 

Two  new  RT  channel  units  were  developed  for  this 
fiber  system.  They  fit  into  standard  SLC  Series  5  dual 
channel  bank  shelves,  in  place  of  the  standard  metallic 
channel  units  that  would  provide  service  over  copper 
distribution  pairs.  The  two  units  are  functionally  the 
same,  except  that  one  provides  two  POTS  lines  and 
occupies  one  channel  unit  slot,  and  the  other  provides 
four  POTS  lines  and  occupies  two  slots.  Each  channel 
unit  serves  one  customer  (unlike  copper  channel  units, 
which  provide  two  lines  that  may  go  to  different 
customers).  The  initial  service  provided  is  standard 
two-wire  analog,  single  party  POTS  with  loop-start 
signaling  and  fast  forward  disconnect. 

Fiber  Interconnect:  The  fiber  interconnect  used  in 
this  system  provides  direct  termination  of  the  outside 
plant  cables  on  ST  connectors.  The  interconnect 
provides  a  flexible  rearrangement  point  for  connecting 
fiber  jumpers  from  the  optical  shelf  to  the  distribution 
plant,  and  access  to  the  optical  line  for  system  turn-up 
and  maintenance. 

Optical  Unit:  The  heart  of  the  system  is  the  optical 
unit.  Two  optical  units  are  used  for  each  loop,  one 
located  at  the  remote  terminal  in  the  optical  shelf  and 
the  second  in  the  distant  terminal.  The  optical  unit 
and  the  SLC  Series  5  channel  unit  are  connected  via 
two  twisted  pairs  through  a  710  connector.  The 
optical  unit  operates  at  a  line  rale  of  1.544  Mb/s,  and 
provides  electrical-to-optical  and  optical-to-electrical 
signal  conversion  at  each  end  of  the  fiber  distribution 
loop.  The  optical  unit  receives  DS1  signals  from  the 
channel  unit  and  converts  the  electrical  DS1  signal  to 
an  optical  DS1  signal  for  transmission  over  the 
distribution  fiber.  A  1300  nm  laser  diode  performs 
this  transmission  functionality.  In  addition,  the 
optical  unit  receives  the  optical  DS1  signal  transmitted 
over  the  single-mode  fiber  and  converts  it  into  a  DS1 
electrical  signal.  A  PIN  (positive-intrinsic-negative) 
diode  performs  the  receiver  functionality  in  the  optical 
unit.  Transmit  and  receive  signals  are  combined  by 
an  optical  splitter,  providing  bidirectional 
transmission  on  a  single  distribution  fiber.  Single¬ 
mode  fiber  is  used  because  of  its  superior  transmission 
characteristics,  while  providing  a  wideband  vehicle  for 
future  services. 

Distant  Terminal:  The  Distant  Terminal  (DT)  is  an 
outside  plant  closure  mounted  outside  the  customers 
premises.  The  DT  contains  an  optical  unit,  channel 


unit,  power  converter  unit,  back  up  batteries  and 
voice  frequency  terminals  which  are  wired  to  a 
Network  Interface  Unit.  See  Figure  3  for  a  diagram 
of  the  DT.  The  DT’s  function  in  the  receive 
(incoming)  direction  is  to  convert  the  1.544  Mb/s 
(DS1)  optical  signal  to  a  DS1  electrical  signal  and  then 
convert  the  electrical  signal  to  the  standard 
telecommunication  voice  frequency  signal.  In  the 
transmit  (outgoing)  direction  the  DT  functions  in  the 
reverse  fashion. 

The  DT  channel  unit  also  provides  the  "BORSCH" 
functions  which  are  normally  provided  by  the  remote 
terminal  channel  unit  in  conventional  copper 
distribution:  battery  feed,  overvoltage  protection, 
ringing,  supervision,  coding  and  decoding,  and  hybrid. 
Hence  conventional  telephones  can  be  used  by  the 
customer.  The  distribution  fiber,  with  an  ST 
connector  on  it,  terminates  into  the  optical  unit.  The 
optical  unit  converts  the  DS1  optical  signal  to  DS1 
electrical  signal  or  vice  versa,  depending  on  whether  it 
is  receiving  or  transmitting  a  signal. 

The  optical  unit  interfaces  in  the  DT  with  the 
Channel  Unit  (CU).  The  CU  provides  from  one  to 
four  lines  to  the  customer,  depending  on  the  RT 
channel  unit  selection  discussed  earlier.  The  CU 
provides  line  mux,  clock  recovery,  clock  dividers, 
control,  signaling  and  the  BORSCH  functions.  Each 
of  the  line  interfaces  is  provided  with  a  current 
limited  line  feed. 


The  Power  Converter  Unit  (PCU)  provides  battery 
charger,  rectifier  and  ringing  generator  functions  at 
the  DT.  The  battery  charger  is  a  constant  voltage 
charger  and  is  used  to  maintain  a  charge  on  the 
backup  batteries.  The  PC U  monitors  the  incoming 
AC  power  and  provides  automatic  transfer  to  battery 
backup  if  AC  power  fails.  The  backup  battery  pack 
contains  six  cells  and  is  rated  at  12  VDC,  5.0  Ah.  The 
battery  pack  will  provide  a  minimum  of  8  hours  of 
operation  for  the  DT. 

The  AC  power  enters  the  DT  enclosure  into  a 
sealed  box  for  craft  protection.  The  box  contains  a 
switch  type  circuit  breaker  and  a  line  transformer 
which  converts  120  VAC  to  17.6  VAC.  The  AC  line 
cord  is  three  to  four  feet  in  length  and  is  housed  in 
waterproof  flexible  metallic  tubing. 

The  DT  enclosure  also  contains  air  vents  on  the 
bottom,  grounding  arrangements  and  an  organizer  to 
store  any  slack  fiber. 

Deployment  in  the  Field 

The  SLC  Series  5  Fiber-To-The-Home  System 
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presently  has  multiple  applications  in  various  stages  of 
deployment.  Listed  below  are  the  sites  of  these 
deployments. 

New  Jersey  Bell  •  South  Brunswick:  The  first  trial 
of  this  system  was  in  New  Jersey  Bell.  The  first 
system  was  cut  into  service  on  August  5,  with 
customers  put  in  on  a  service  order  basis.  Each 
customer  will  have  a  DT  mounted  on  a  stake  designed 
by  New  Jersey  Bell.  The  architecture  used  in  NJ  Bell 
consists  of  a  SLC  Series  5  Digital  Loop  Carrier 
remote  terminal  housed  in  a  CEV.  The  entire  outside 
plant  is  buried  in  conduit,  including  the  drops. 

Southwestern  Bell  -  Leawood,  Kansas:  The 
Leawood  site  is  the  first  application  of  the  fiber-to- 
the-home  feature  utilizing  production  equipment. 
Subscribers  will  be  provided  with  service  over  fiber 
commencing  in  October  1988.  The  distribution  is 
LXE  fiber  with  metallic  shielding  and  terminates  into 
above-ground  pedestals.  The  drop  cable  is  composite 
with  two  fibers  and  three  metallic  pairs. 

South  Central  Bell  -  Memphis:  South  Central 
Bell's  first  fiber-to-the-home  system  is  in  a 
development  in  the  eastern  suburbs  of  Memphis, 
Tennessee.  The  feeder  is  optical  and  somewhat 
unusual  in  that  it  is  at  417  Mb/s,  using  two  stages  of 
multiplexing  (the  first  to  DS3). 

Distribution  fiber  cables  (AT&T’s  LXE 
Lightpack®)  are  direct  buried  36  inches  deep,  with 
direct  burial  of  drop  splice  closures,  also.  Each  drop 


closure  serves  up  to  four  houses;  drops  for  unbuilt 
houses  are  coiled  in  plastic  boxes  at  the  lot  line.  First 
customer  service  is  scheduled  for  November  1988. 

GTE:  Cerritos,  California  is  the  Fiber-To-The- 
Home  site  selected  by  GTE.  It  is  an  existing 
community  located  in  Southeast  Los  Angeles  County. 
Homes  in  this  community  are  already  established  and 
are  currently  served  by  a  traditional  copper 
architecture.  Cerritos  thus  becomes  the  first  site 
where  a  modernization  situation  is  encountered. 

GTE  has  established  Cerritos  as  a  test-bed 
whereby  they  can  evaluate  equipment  and  services 
from  various  vendors.  Accordingly,  Cerritos  has  been 
dissected  into  separate  service  areas  to  facilitate 
GTE’s  evaluation.  Initial  service  is  expected  to  be 
available  in  late  December  of  1988. 

Contel:  Contel’s  selection  for  a  Fiber-To-The- 
Home  site  is  a  new  subdivision  within  an  existing 
community  located  in  Ridgecrest,  California. 
Ridgecrest  is  a  community  located  in  California's 
Mojave  Desert  near  the  U.S.  Naval  Weapons  Center  at 
China  Lake. 

Equipment  for  this  site  is  initially  designed  to 
serve  homes  through  the  1990  timeframe.  All  utility 
services  will  be  provided  through  underground 
facilities.  Distribution  fiber  has  been  planned  for  this 
area  using  the  conventional  single  single-mode  fiber 
per  home.  Initial  service  is  expected  to  be  available  in 
late  December  of  1988. 
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Figure  1  -  SLC®  Series  5  Carrier  System  Fiber-To-The-Home  Universal  Configuration 
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Abstract 

Recent  work  at  BTRL  has  concentrated  on  the 
introduction  of  single  mode  fibre  in  to  the  local 
loop  against  an  initial  use  for  telephony,  whilst 
allowing  later  upgrade  to  broadband.  In  order  to 
approach  copper  pair  costs  for  telephony  the  fibre 
is  shared  amongst  a  number  of  users.  One 

particular  network  studied  at  BTRL,  the  Telephony 
on  Passive  Optical  Network  (TPON),  is  a  passive 

splitter  approach.  In  this  network  a  single  fibre 
is  fed  from  the  exchange  and  fanned  out  via 
passive  splitters  at  the  cabinet  and  distribution 
point  (DP)  positions  to  feed  a  number  of 
individual  customers.  This  paper  considers  the 
line  plant  issues  for  such  networks,  including 

components  design  and  maintenance  and  testing 
issues.  A  system  model  is  developed  to  predict 

overall  system  losses.  Finally  a  system 
demonstrator  was  installed  on  the  BTRL  site  to 
test  feasibility  of  the  approach. 


1.0  Introduction 

Recently  proposals  have  been  made  for  passive 
optical  networks  for  the  local  loop  having  the 

potential  to  cost  in  against  copper  pair  for 
telephony  use,  and  yet  still  have  the  potential 
for  future  wideband  use.  (1,2)  In  BT  studies 
have  concentrated  exclusively  on  the  use  of  single 
mode  fibre  for  these  networks. 

One  particular  network  studied  at  BTRL,  the 
Telephony  on  Passive  Optical  Network  (TPON),  is  a 
passive  splitter  approach.  In  this  network  a 
single  fibre  is  fed  from  the  exchange  and  fanned 
out  via  passive  splitters  at  the  cabinet  and 

distribution  point  (DP)  positions  to  feed  a  number 
of  individual  customers.  A  TDM  signal  is 
broadcast  to  all  terminals  from  the  exchange  on  a 
single  wavelength,  with  the  customer  time 
accessing  the  particular  bits  meant  for  him.  In 
the  return  direction  data  from  the  customer  is 
inserted  at  a  pre-determined  time  to  arrive  at  the 
exchange  in  synchronism  with  other  customer's 
data.  Inclusion  of  an  optical  filter  in  the 

customer's  terminal  that  passes  only  the  TPON 

wavelength  allows  the  later  provision  of  new 
services  on  other  wavelengths  without  disturbing 
the  telephony  transmission.  A  target  maximum  of  a 


128  way  split  operating  at  20  Mb/s  would  allow  the 
provision  of  basic  rate  ISDN  to  all  customers. 

In  line  plant  terms  the  cable  count  near  to  the 
exchange  is  considerably  reduced,  with  fibre  and 
cable  costs  shared  between  many  customers.  In 
addition  the  exchange  equipment  is  also  shared  by 
the  splitting  ratio,  further  reducing  the  cost  per 
subscriber . 

This  paper  examines  the  critical  line  plant 
issues  for  such  networks,  including  likely  overall 
losses  using  typical  components,  reflection 
problems  in  duplex  working  and  maintenance  and 
testing  issues. 

2.0  Basic  Network 

The  basic  network  is  shown  in  Fig  ].  Two 

splitter  points  are  assumed  to  model  the 
flexibility  points  present  in  the  existing  copper 
network  (streetside  cabinets  of  up  to  600 

customers  and  distribution  points  (DP's)  up  to  15 
customers)  and  thus  most  easily  fit  into  the 
existing  underground  cable  duct  system.  Typical 
lengths  are  shown  with  the  average  local  loop 

being  around  2  km  total  length  in  the  BT  network. 

Table  1  shows  a  comparison  of  component  numbers 
for  various  levels  of  split  against  a  point  to 

point  system  having  one  fibre  to  each  customer. 
It  is  apparent  that  the  passive  splitter  network 
typically  has  10"  of  the  fibre  and  half  the  number 
of  splices  and  connectors. 

In  addition  to  the  cost  aspect  the  fibre 
sharing  also  removes  the  need  for  high-fibre  count 
cables,  removing  the  maintenance  nightmare  of 
damage  to  a  cable  containing  many  fibres. 

3.0  Critical  Components  of  the  Splitter  Network 

Component  issues  'mportant  to  the  passive 
splitter  based  network  are:- 

—  Splitter  arrays  of  up  to  16  ways.  Since  it  is 
likely  that  the  initial  telephony  system  will 
operate  in  the  1300  run  window,  with  broadband 
upgrade  in  the  1500  nm  window  the  splitter 
arrays  will  need  to  be  wavelength  'flat',  with 
low  loss  and  constant  coupling  ratio  across  a 
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wide  band  of  wavelengths  to  avoid  wavelength 
"steering”  by  the  network. 

—  Blocking  filters  to  exclude  later  wavelengths 
from  the  customer's  receiver. 

—  Low  fibre-count  cables  for  cabinet  and  DP 
interconnect  and  customer's  drop  (overhead  and 
underground)  and  internal  applications. 

—  Housings  for  splitter  arrays  and  customer's 
equipment  with  adequate  fibre  management  and 
testing  facilities. 

—  Testing  and  monitoring  facilities  that  can  be 
employed  with  the  network  "live”.  Since  it  is 
likely  to  be  impractical  to  shut  down  service 
to  up  to  100  customers  to  test  for  a  fault  on 
one  the  network  must  be  maintained  whilst  live. 

—  If  bi-directional  working  is  used,  (as  in  Fig 
1)  or  reflection-sensitive  systems  (microwave 
subcarrier  or  coherent  systems  for  example)  are 
contemplated  for  future  use  then  attention  will 
need  to  be  paid  to  reflection  levels  from 
splices,  connectors  and  unused  fibre  outlets  on 
splitter  arrays.  In  this  paper  this  is  explored 
for  the  case  of  bi-directional  working. 

—  Low-cost  components  easily  used  by  local  network 
staff.  In  spite  of  the  fibre  sharing  aspect  it 
is  unlikely  that  copper  pair  costs  will  be 
approached  without  a  significant  reduction  in 
single  mode  fibre  and  component  costs.  To  date 
fibres  tend  to  have  been  installed  in  long  haul 
networks  by  small  numbers  of  highly  skilled 
staff.  In  the  local  network  it  is  likely  that 
staff  numbers  will  be  higher  and  skill  levels 
lower . 

In  order  to  study  each  of  these  aspects  a 
system  demonstrator  has  been  built  at  BTRL,  and  an 
overall  system  model  produced  by  consideration  of 
individual  component  losses.  In  the  following 
part  of  the  paper  the  critical  components  and 
issues  will  be  examined  in  more  detail  to  produce 
an  overall  expected  power  budget  for  the  system 
from  the  system  model.  This  is  then  compared  with 
results  from  the  demonstrator. 

4.0  Component  Design 
4.  1  Splitter  Arrays 

At  the  present  time  the  technology  most 
suitable  for  making  passive  splitter  arrays  is 
that  of  the  fused  splitter,  with  planar  ion- 
diffused  glass  and  integrated  optics  (eg  LiNb03) 
likely  to  be  contenders  in  the  future.  The  work 
at  BTRL  has  concentrated  on  the  fused-splitter 
approach.  In  this  approach  a  2x2  splitter  is  made 
by  fusing  and  tapering  two  fibres  together.  The 
wavelength  dependance  of  the  splitter  can  be 
reduced  by  altering  one  fibre  slightly  to  ensure 
that  the  maximum  available  coupling  between  the 
two  is  at  the  50%  point.  The  splitter  is  then 
tapered  to  this  point  to  produce  a  fairly  flat 
wavelength  response.  Fig  2  shows  the  wavelength 
response  for  a  single  splitter,  giving  a  deviation 


from  the  3  dB  or  50%  split  of  up  to  0.8  dB  over 
the  system  wavelength  range  of  1270-1580  nm.  Each 
curve  corresponds  to  the  output  from  one  of  the 
splitter  legs. 

Clearly  any  particular  path  through  an  array  of 
splitters  will  exhibit  a  loss  due  to  the  summation 
of  effects  from  each  split.  These  may  add  or 
cancel,  producing  a  variation  in  wavelength 
response  from  path  to  path  (ref  3).  Nevertheless, 
it  is  always  the  case  that  one  path  will  exhibit 
the  worst  case  response,  leading  to  a  loss  given 
by  multiplying  the  response  of  Fig  2  by  the  number 
of  split  levels.  This  loss  is  used  in  the  system 
model . 

In  addition  to  the  "loss"  effect  of  coupling 
ratio,  losses  due  to  polarisation  effects  on 
coupling  and  splitter  excess  loss  due  to 
imperfections  must  be  taken  into  account. 
Measured  values  for  these  effects  across  a  typical 
batch  of  20  splitters  made  at  BTRL  are  shown  in 
table  2  and  later  used  in  the  system  model. 

The  results  shown  are  for  individual  2x2 
splitters  spliced  into  arrays.  Although  this 
approach  can  give  adequate  performance  it  is 
unlikely  to  lead  to  low  cost,  and  tends  to  produce 
large  package  sizes.  A  method  of  producing  the 
splitter  arrays  by  direct  'knitting'  of  the  fibics 
without  splicing  is  required,  either  by  sequential 
or  simultaneous  manufacture  of  a  number  of 
splitters  in  one  operation.  Thus  far  prototype 
4x4  arrays  have  been  made  at  BTRL  by  simultaneous 
pulling  of  4  splitters,  although  much  work  remains 
to  be  done  to  refine  the  process. 

4,2  Customer's  Blocking  Filter 

As  previously  explained  a  blocking  filter  is 
needed  in  the  customer's  telephony  equipment  to 
exclude  later  wavelengths  from  the  receiver. 
Initial  work  at  BTRL  has  attempted  to  reduce  the 
amount  of  optical  spectrum  used  for  telephony  to 
allow  several  extra  wavelengths  in  the  1300  nm 
window.  The  result  is  a  target  for  the  blocking 
filter  of  15  nm  full  width  at  half  maximum,  1.5dB 
loss  and  essentially  "top-hat"  spectral  shape,  if 
it  assumed  that  the  exchange  source  is  a  DFB  laser 
controlled  to  1  nm. 

Fig  3  shows  a  prototype  device  produced  at 
BTRL.  In  this  approach  a  multilayer  dielectric 
filter  is  mounted  in  a  slot  in  a  conventional 
connector  ferrule,  with  the  connector  ferrule 
providing  fibre  alignment  to  yield  a  low  cost 
fibre-tailed  device  that  can  be  spliced  into  the 
network.  Fig  4  shows  the  response  of  the  filters 
produced  so  far,  with  a  performance  of  16  nm  FWHM 
and  1.5  dB  loss. 

4.  3  Cabling 

Interconnect  of  exchange  to  cabinet  and  cabinet 
to  DP  can  use  low  fibre-count  single-mode  cables 
(either  conventional  or  blown  fibre)  already  in 
use  in  the  network  without  significant  development 
effort,  with  the  existing  specification  of  less 
than  0.5  dB/xm  in  both  windows. 
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For  the  subscriber  drop  and  internal  cables 
little  is  available  and  the  area  is  technically 
challenging  from  both  strain  and  bending  aspects. 
With  as  much  as  702  of  subscriber  drops  on 

overhead  cable  in  some  areas  it  is  likely  that 
both  overhead  and  underground  solutions  will  be 
required.  In  the  case  of  overhead  drop  cable 

termination  methods  are  vitally  important  and 
often  dictate  cable  design.  Designs  must  be  built 
to  withstand  ice  and  wind  loadings  of  5  mn  radial 
thickness  and  80  km/hour  respectively,  whilst 

still  maintaining  fibre  strains  below  0.152. 

Plate  1  shows  prototype  ruggedised  blown-fibre 
tubes  suitable  for  direct  burial  in  underground 
drops  and  a  prototype  overhead  drop  cable  in  which 
the  support  member  can  be  separated  from  the 
blowing  tube  and  held  using  existing  methods. 

4.4  Cabinet  and  DP  Housings 

At  cabinet  and  DP  points,  housings  are  required 
for  the  passive  splitter  arrays  and  associated 
splices.  Important  factors  are:- 

—  Maintenance  of  minimum  bend  criteria  (35  mn)  to 
avoid  loss  increases  at  1550  nm. 

—  Fibre  management.  Housings  must  allow  rapid 
re-entry  for  addition  of  new  subscribers  without 
damage  to  existing  fibres. 

—  Test  access.  Provision  must  be  made  for  clip- 
on  or  end-on  access  to  each  fibre. 

—  Termination  of  spare  fibre  ends  to  prevent  stray 
reflections. 

Experience  from  the  on-site  demonstrator  has 
shown  the  fibre  management  issue  to  be  a  critical 
one,  with  conventional  approaches  in  which  splice 
trays  hold  a  number  of  fibres  and  splices  being 
totally  inadequate.  An  approach  has  been 
developed  in  which  each  splice  and  the  associated 
fibre  loops  for  splicing  and  clip-on  are  held  in  a 
novel  single— sp1  i cc  holder  having  moveable 
components  to  release  and  contain  the  fibre 
loops.  A  prototype  DP  made  in  this  way  is  shown 
in  Plate  2. 

4.5  Reflection  Levels 


unterminated  ends  on  splitter  arrays.  Since  most 
mechanical  splicing  systems  currently  have  return 
losses  in  the  30-40  dB  range  it  is  difficult  to 
see  how  these  can  be  used,  restricting  splicing  to 
fusion. 


5.0  System  Model 

The  average  local  route  length  in  the  BT 
network  is  around  2  km,  with  90%  below  5  km.  In 
order  to  assess  likely  overall  losses  of  the  TPON 
network  a  model  was  built  of  a  5  km  system  having 
a  128  way  split  and  full  duplex  operation.  This 
gives  9  levels  of  splitting  (7  for  128  ways  and  2 
duplex) . 

Measured  data  for  splitter  arrays  and  other 
components  such  as  splices,  connectors  and  cables 
was  gathered  as  shown  in  table  3. 

The  resulting  spread  of  losses  for  the  worst 
case  path  is  shown  in  Fig  5  for  1300  nm.  The 
resulting  spectral  loss  is  shown  in  Fig  6. 

Losses  up  to  42  dB  are  expected  for  the  worst 
case  components  and  wavelength. 

6.0  Testing  Issues 

Two  approaches  have  been  taken  to  testing  the 
passive  splitter  network  whilst  live.  The  first 
involves  the  use  of  conventional  OTDR  equipment 
used  at  a  test  wavelength,  with  the  blocking 
filters  screening  the  test  wavelength  from  the 
system  receivers.  Commercially  available  OTDR 
equipment  currently  has  a  dynamic  range  of  around 
23  dB,  with  the  result  that  fibre  can  only  be 
monitored  over  half  of  the  split  levels  in  a  128 
way  (9  split  levels)  network  before  losses  become 
too  great.  This  was  overcome  by  monitoring  from  a 
mid-point  in  both  directions  through  a  demountable 
optical  tap.  The  test  wavelength  used  was  1550nm, 
with  the  system  running  at  1300  nm.  The  tap  was 
made  from  a  polished  coupler  (ref  6)  designed  to 
preferentially  couple  at  1550  nm.  In  this  way  the 
loss  to  the  system  due  to  the  tap  was  0.7  dB 
whilst  coupled  and  0.02  dB  uncoupled,  whilst  the 
loss  seen  by  the  test  equipment  was  around  3  dB. 
In  this  way  a  conventional  OTDR  trace  could  be 
obtained  whilst  the  system  was  running  without  the 
need  to  terminate  fibre  ends. 


The  use  of  bi-directional  working  (as  shown  in 
Fig  1)  has  advantages  in  reducing  the  amount  of 
plant  in  the  ground,  easing  the  fibre  management 
problem  at  cabinet  and  DP  points  and  of  reducing 
the  possibility  of  error  in  record  keeping, 
(there  is  no  chance  of  confusing  go  and  return 
fibres).  However,  the  network  immediately  becomes 
sensitive  to  reflections  appearing  back  at  the 
sending  receiver  in  the  form  of  crosstalk. 

For  the  target  transmitter  and  receiver 
performances  of  0  dBm  launch  and  -50  dBm  receive 
reflection  levels  close  to  the  system  ends  must  be 
kept  below  50  dB  down  on  the  incident  signal  (50dB 
return  loss)  if  the  signal  to  noise  ratio  of  5  dB 
required  by  the  analysis  of  ref  5  is  to  be 
achieved.  This  applies  to  both  splices  and 


Clearly  when  looking  in  to  a  splitter  network 
light  will  be  returned  to  the  OTDR  from  several 
branches  simultaneously,  leading  to  problems  of 
interpretation  in  determining  in  which  branch  a 
fault  lies.  A  partial  solution  is  to  make  use  of 
customer's  laser  power  monitoring  normally 
employed  by  the  system  to  determine  which  leg  has 
developed  a  fault  by  looking  for  increased  laser 
current  to  that  subscriber. 

In  addition  to  the  test  wavelength  approach  a 
second  test  method  was  produced  using  optical 
"clip-on"  to  produce  a  low  cost  power  meter, 
somewhat  equivalent  to  the  AVOmeter  in  use  for 
copper  pair.  In  this  way  a  piece  of  test 
equipment  was  produced  that  would  allow  basic 
fault  finding  by  each  linesman. 
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The  cllp-on  idea  is  based  on  using  a  small  bend 
in  the  fibre  to  tap  a  small  amount  of  light  out. 
This  light  is  collected  and  guided  to  a  detector 
by  a  short  waveguide  to  give  the  power  meter 
operation.  Careful  choice  of  the  bend  radius  can 
give  an  indication  of  power  in  the  fibre  to  around 
3  dB  whilst  adding  less  than  3  dB  loss  to  the 
system  with  even  the  most  bend  sensitive  fibre 
allowed  by  the  fibre  specif ication  at  the  highest 
wavelength.  A  prototype  instrument  sensitive  down 
to  -30  dBm  fibre  core  power  is  shown  in  plate  3. 

7.0  Demonstration  System 

In  order  to  test  the  various  trade-offs 
inherent  in  the  passive  splitter  network  a 
demonstrator  system  was  built  at  BTRL,  as  shown  in 
Fig  7.  Two  exchange  points  and  two  DP's  were 
interconnected  via  a  passive  splitter  array 
mounted  in  a  standard  BT  external  cabinet  to 
simulate  a  128-way  split.  The  total  system  length 
was  around  1.5  km,  with  blown-fibre  cable  being 
used  throughout.  The  measured  loss  of  the  system 
at  1300  nm  was  35  dB,  in  comparison  to  a  loss  of 
34  dB  predicted  by  the  system  model. 

Unused  legs  on  the  splitter  arrays  were 
terminated  by  a  mandrel-wrap  technique  of 
Introducing  several  turns  at  3.4  ran  radius  to 
prevent  reflections  back  into  the  network. 
Although  effective  it  is  unlikely  to  prove 
reliable  in  the  long  term  and  further  work  is 
necessary  to  produce  a  field  termination  for 
unused  fibre  ends. 

As  previously  described  the  system  could  be 
tested  with  clip-on  testers  or  by  means  of  OTDR 
equipment  launched  via  a  demountable  tap  in  the 
external  cabinet. 

8.0  Conclusions 

Passive  splitter  approaches  to  fibre  in  the 
local  network  can  enable  initial  deployment  for 
telephony  by  means  of  fibre  sharing  amongst  a 
number  of  customers.  The  result  is  a  considerable 
reduction  in  the  installed  plant  in  the  ground. 

This  paper  has  considered  the  problems  of 

design,  installation  and  testing  presented  to  the 

optical  plant  by  such  a  radical  approach  and  has 

described  the  successful  exploitation  of  prototype 
solutions  in  an  on-site  demonstrator  at  BTRL. 
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Fig  1.  Basic  Passive  Splitter  Network  with  Average  Lengths. 


Table  1.  Plant  per  customer  for  the  network  of  Fig  1. 


Plant  par  customer  «» 

Fibrs  (m) 

Splices 

Connectors 

Splitters 

Point  to  Point  Duplex 

2050 

6  00 

4.00 

2 

TPON  t28  way  aplif 

93 

4  15 

2  02 

2 

TPON  64  way  split 

105 

4  17 

2.03 

2 

TPON  32  way  split 

159 

4  34 

2  06 

2 

TPON  16  way  split 

206 

4.44 

2  13 

2 

TPON  8  way  split 

300 

4.63 

2.25 

2 

Table  2.  Typical  results  for  wavelength  flattened  splitters 

(MEAN  AND  STD.  DEV) 


Fig  2.  VVavelength  response  for  a  single  splitter 
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I 


Wafer  thickness 
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Fig  3.  Prototype  Optical  Blocking  Filter 


FLATNESS  (dB) 

EXCESS  LOSS  @  1300nm  (dB) 
EXCESS  LOSS  @  1550nm  (dB) 
COUPLING  RATIO  @  1300nm  (%) 
COUPLING  RATIO  @  1 550nm  (%) 
POLARISATION  @  1300nm  (%) 
POLARISATION  @  1550nm  (%) 


0.48  +  0.04 
0.0510.01 
0  1010.02 
49.4814. 1  8 
49.1814.03 
0.9410.56 
0.36  +  0.19 


NB  POLARISATION  CHANGES  SHOWN  ARE  CHANGES  IN 
COUPLING  RATIO  FOR  ALL  INPUT  POLARISATION  STATES 
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Table  3.  Measured  Data  for  Passive  Network  Components. 


Device 

Mean  toss 
(db) 

Standard  deviation 
ol  loss  (db) 

Number  used 

Coupler 

Splitting  ratio 

3.18 

0.29 

9 

Coupler 
excess  loss 

0.1 

0.04 

9 

Connector 

loss 

0.17 

0.07 

2 

Splice  loss 

0.2 

0.1 

19 

Fibre  loss 

0.4dB/km 

0.05dB/km 

5.6km 

Filter  loss 

1.5 

■ 

1 

System 

37.4 

1.0 

Fig  5.  Overall  system  loss  distribution 


Fig  6.  Overall  System  Loss  Spectrum 


BUILDING  2  - x—  Splice 

All  unlabelled  boxes  2x2 
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Plate  1.  Prototype  Subscribers  Dropcables. 


Plate  3.  Clip-on  Optical  Power  Meter. 
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Loop-Network  Configuration  For  Subscriber  Loops  and  Single-Mode 
Optical  Fiber  Ribbon  Cable  Technologies  Suitable  For  Mid-Span  Access 

Masaaki  KAVASE,  Tatsuya  FUCHIGAMI ,  Tadashi  HAIBAKA, 

Shinji  NAGASAWA  and  Seiji  TAIASHIMA 

NTT  Network  Systems  Development  Center 
Tokai,  Ibaraki,  319-11,  Japan 


ABSTRACT 

This  paper  describes  the  loop-network 
configuration  and  high-fiber  count,  single-mode 
optical  fiber  ribbon  cable  technologies  which 
enable  a  quick  response  to  service  demand,  and 
offer  high-reliability  in  the  subscriber  network. 

A  1000-fiber  cable  composed  of  8-fiber  ribbons 
was  developed.  A  mass-fusion  splicing  technique 
and  a  multifiber  connector  were  developed  for  the 
fiber  ribbon.  Their  performances  were  evaluated 
in  an  experimental  line.  It  was  found  that  these 
techniques  were  highly  suitable  for  mid-span 
access  which  is  indispensable  for  the  fiber  count 
nonreductional  loop  network. 

1.  Introduction 

The  introduction  of  fiber  optics  into 
telecommunications  has  enabled  the  construction  of 
more  economical,  flexible  telecommunications 
networks.  Its  high-speed,  broadband  services  are 
superior  to  those  of  conventional  metallic  pair  or 
coaxial  cables.  Initial  efforts  have  invoked  the 
introduction  of  optical  fiber  cable  into  trunk 
lines  in  telecommunications  networks  for 
commercial  use.  The  current  focus  is  the  spread 
of  optical  fiber  cable  into  nationwide  subscriber 
networks.  NTT  has  introduced  Graded-Index 
optical  fiber  cable  into  subscriber  networks  to 
provide  high-speed  digital  leased  circuit  services 
and  video  transmission  services  to  meet  business 
use  demands  over  the  past  several  years.  In 
1988,  NTT  started  the  INS  service  and  the  demand 
for  high-digital  services  is  rapidly  growing. 
The  optical  fiber  transmission  system  is  suitable 
for  these  services  because  it  can  provide  a  very 
large  capacity  transmission  line.  Moreover,  from 
the  viewpoint  of  actual  telecommunications  plant 
installation  and  maintenance,  it  is  essential  that 
metallic  cable  be  replaced  by  optical  fiber  cable 
because  of  the  lack  of  underground  conduits  and 


premise  pipe  facilities  especially  in  large 

cities.  In  order  to  construct  optical  fiber 

lines  a  wholly  synthesized  VAD^-^  method,  high 

count  optical  fiber  cables^)  an(j  a  precise  and 

efficient  fiber  jointing  technique  have  been 

developed.  These  techniques  allow  the 

introduction  of  high  performance  and  low  cost  SM 

n\ 

(Single  Mode)  fiber  into  subscriber  loops'  ' . 
The  star  topology  network  configuration  was 
adopted  for  metallic  subscriber  loops.  In  its 
early  stages  the  demand  for  optical  subscriber 
services  varies  and  is  very  difficult  to  estimate. 
The  fiber  count  nonreductional  loop  network 
configuration  permits  access  at  any  point  and  to 
any  number  of  fibers.  Therefore,  the  loop 
configuration  is  suitable  for  optical  fiber 
subscriber  loops  for  business  use  in  metropolitan 
areas.  The  above  factors  suggest  that  the  single 
mode  optical  fiber  and  loop  configuration 
subscriber  network  should  be  adopted  as  standard 
to  achieve  simple,  high  quality,  high  reliability 
optical  subscriber  loops  over  a  wide  area. 

This  paper  describes  the  concept  of  the  network 
configuration,  and  introduces  single-mode  optical 
fiber  ribbon  cable  structure  and  jointing 
techniques  suitable  for  mid-span  access  which  is 
indispensable  for  the  realization  of  the  fiber 
count  nonreductional  loop  network  configuration. 

2.  Network  configuration 
2.1  Star  and  loop  topology 

The  Features  of  the  optical  subscriber  network 
are  as  follows. 

(1)  Demand  variance  ;  In  the  early  stages  of  the 
new  service  it  is  very  difficult  to  predict  the 
size  and  nature  of  the  demand. 

(2)  Reliability  ;  The  reliability  of  the  broadband 
services  should  be  higher  than  that  of 
conventional  telephone  services.  Therefore,  it 
is  desirable  to  have  two  transmission  lines 
between  the  telephone  office  and  each  subscriber. 
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(3)  Subscriber  area  ;  Single-mode  optical  fiber 
has  a  very  broad  band  and  low  loss  performance, 
compared  with  metallic  cable.  As  a  result,  the 
distance  between  the  telephone  office  and  the 
subscribers  can  be  longer  and  the  subscriber  area 
can  be  wider. 

The  network  configurations  for  the  subscriber 
loops  are  illustrated  in  Fig.l  and  Fig. 2.  For 


USER 


Figure  1.  Star  network  configuration. 


the  conventional  metallic  pair  subscriber  network, 
NTT  has  adopted  the  fiber  count  successive 
diminution  star  topology  as  shown  as  Fig.l.  It 
is  an  efficient  network  configuration  for 
uniformly  large  demand  such  as  conventional 
telephone  services.  Fiber  count  nonreductiona) 
loop  topology  is  shown  in  Fig. 2.  It  can  be 
accessed  by  subscribers  at  any  point  by  the  mid¬ 
span  access  technique.  Table  1  compares  the 
features  of  the  star  and  the  loop  network 
conf igurations. 

Table  1  Features  of  the  star  and  the  loop  network 
configuration . 


Network 

configuration 

Flexibility 

Number  of  cable  Total  route  Multl  rout 
jointed  point  length 

Non  reductional 
loop 

O 

° 

> 

i 

o 

Successive 
diminution  star 

A 

_ 

< 

o 

< 

Taking  the  above  conditions  and  Lhe  factors 
shown  in  Table  1  into  consideration,  the  fiber 
count  nonreduc t iona  1  loop  topology  is  highly 
suitable  for  the  optical  fiber  subscriber  network 
i-n  that  it  is  more  flexible  and  reliable  than  star 
topology  especially  in  metropolitan  areas. 

2,2  Fiber  count  nonreductiona!  loop 
conf iguration 


Fiber  jointing  at  drop  points  in  the  loop 
configuration  was  shown  in  Fig.l.  Scheme  of  mid¬ 
span  access  is  shown  in  Fig. 3.  In  this  cable 


Figure  2.  Loop  network  configuration. 


Figure  1.  Sc  homo  of  mid-span  access, 
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network  configuration,  any  number  of  optical 
fibers  can  be  dropped  at  any  point  along  the  cable 
by  using  a  mid-span  access  technique,  and  the 
subscriber  can  access  two  directional  routes  in 
the  cable  loop.  Accordingly,  fiber  usage 
flexibility  can  be  improved.  Furthermore,  it  is 
advantageous  in  that  it  improves  network 
reliability  since  the  circuits  between  the 
telephone  office  and  subscriber  are  divided  along 
i wo  routes  and  a  stand-by  system  can  also  be 
provided.  A  practical  way  to  change  the 
configuration  is  shown  in  Fig. 4.  The  loop 
configuration  can  be  realized  by  adding  a  path  to 
the  star  configuration. 


ADDED  PATH 


Figure  4.  Practical  way  to  change  the 
configuration. 


span  access  point,  the  length  of  fiber  to  be 
jointed  with  the  distribution  cable  is  not  so 
long.  Therefore,  a  technique  for  jointing  short 
fibers  is  needed. 

3.2  Cable 

(1)  Optical  fiber  parameters 

When  fibers  are  accessed  in  a  closure  or  at 
any  point  along  the  cable,  the  optical  power 
change  caused  by  fiber  bending  must  be  kept  to 
less  than  the  allowable  value.  The  optical  loss 
changes  while  accessing  the  fibers  in  a  closure 
were  measured.  From  the  relation  between  the 
measured  values  and  the  estimated  values  of 
optical  fiber  bending  loss,  the  equivalent  fiber 
bending  radius  during  the  handling  of  fibers  in  a 
closure  was  evaluated.  As  a  result,  it  was  found 
that  the  optical  loss  increase  C<rdue  to  fiber 
bending  should  be  less  than  1  dB/lturn  at  a 
bending  radius  r  of  15  mm  in  order  not  to  affect 
the  digital  transmission  signal  at  a  wavelength  of 
1.55pm.  As  the  1.5  pm  wavelength  region  will  be 
used  for  WDM  in  the  future  and  the  performance  at 
1.55  pm  was  considered.  The  relation  between  MFD 
(Mode  Field  Diameter)  and  fiber  bending  loss  is 
shown  in  Fig. 5.  To  suppress  the  excess  loss  due 
to  fiber  bending,  it  is  necessary  to  choose  a 
small  MFD  and/or  a  high  cutoff  wavelength. 


3.  Cable,  jointing  and  mid-span  access 
3.1  Requirements 

Several  hundred  or  more  fiber  cables  are 
needed  to  construct  a  network  in  an  area  with 
several  thousand  subscribers.  A  high-fiber-count 
compact  cable  is  advantageous  in  a  metropolitan 
area  where  additional  duct  construction  is 
difficult.  At  the  mid-span  access  point,  optical 
fibers  must  be  able  to  be  handled  without  causing 
optical  power  level  changes  in  in-service  optical 
fibers.  In  particular,  loss  changes  caused  bv 
fiber  bending  while  accommodating  excess  length  of 
fiber  into  a  closure  should  be  suppressed. 
Therefore,  the  optical  fiber  parameters  should  be 
designed  to  decrease  the  excess  loss  due  to  fiber 
bending,  and  the  coated  fiber  should  be  designed 
to  make  fiber  handling  easy.  To  joint  high- 
fiber-count  cables,  it  is  necessary  that  the 
coated  fiber  structure  is  suitable  for  mass 
jointing  techniques.  Mass  jointing  techniques 
are  required  to  increase  the  jointing  work 
efficiency  of  high-fiber-count  cable.  At  a  mid- 


Figure  5.  Calculated  values  of  single-mode  optical 
fiber  bending  loss  at  1,55pm.  \  is  an  effective 
cutoff  wavelength. 
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However,  to  reduce  jointing  loss,  it  is  desirable 
to  choose  a  large  MFD.  The  calculated  mean 
values  of  jointing  loss  are  shown  in  Fig. 6.  For 
example,  when  level  differences  of  transmission 
systems  are  20  dB  and  the  required  transmission 
distance  is  20  km,  the  optical  loss  #<_  of  the  line 
is  1  dB/km.  The  mean  optical  loss  of  the 
optical  fiber  is  0.4  dB/km  at  1.3  pm.  Therefore, 
the  total  permissible  jointing  in  a  1  km  cable  is 
less  than  0.6  dB.  When  the  transmission  line  has 
one  connector  and  one  fusion  splice  in  each  1  km, 
an  MFD  more  than  7.8  pm  should  be  selected.  As 
a  result,  fiber  parameters  were  chosen  in 
accordance  with  CC1TT  recommendations  and  are 
shown  as  the  hatched  area  in  Fig. 7.  The  optimum 
range  of  MFD  is  from  8.5pm  to  10.5pm.  A  fiber 
diametei  tolerance  of  less  than  2pm  was  chosen  to 
minimize  jointing  loss. 


MODE  FIELD  DIAMETER  (pm) 

Figure  6.  Calculated  mean  values  of  splice  and 
connection  loss. 


(2)  Optical  fiber  ribbon  cable 

A  4-fiber  ribbon  was  developed  for  a  cable  of 
600  fibers  or  less  and  8-fiber  ribbon  was 
developed  for  a  cable  of  1000-fibers.  The  cross- 
sectional  structures  of  the  cables  are  shown  in 
Fig. 8.  Optical  fiber  ribbon  is  superior  in 
packaging  density,  handling  ease  and  mass 
jointing.  Cable  diameters  are  35  mm  and  40mm  for 
600  and  1000-fiber  cable,  respectively.  Slotted- 
rods  are  made  of  polyechylene,  and  five 
rectangular  slots  are  shaped  helically  on  the  rod. 
The  slot  structure  is  an  open  structure  for  fiber 
accommodation,  which  allows  easy  access  to  the 
fibers  after  removing  a  part  of  the  cable  sheath. 
Fiber  ribbons  are  accommodated  tightly  in  each 
slot  and  stacked  close 1 y  at  the  bottom  of  the 
slot.  The  tight  structure  makes  the  cable 
compact  and  also  offers  other  important 
advantages^).  Fiber  strain  is  easily  controlled 
during  the  insertion  process.  The  stacked 
ribbons  remain  in  regular  order  even  when  the 
cable  is  bent  or  vibrated.  The  tight  structure 
does  not  prevent  ribbon  movement  along  the  ribbon 
axis  when  the  cable  is  bent.  If  the  cable  is  bent 
and  elongation  and  compression  strains  occur  at 
the  outer  and  inner  parts  of  the  cable,  the 
ribbons  move  to  cancel  out  these  strains.  A  4 
fiber  unit  was  selected  as  the  most  suitable  for 
dropping  to  a  subscriber  considering  the  existing 
demand  in  metropolitan  areas.  Therefore,  the  4- 
fiber  unit  is  used  to  -onstruct  the  cable.  A  8- 
fiber  ribbon  is  a  rombim'  ioi.  of  two  4-fiber 
ribbons  and  is  better  than  a  4-fiber  ribbon  in 
terms  of  packaging  density  for  high-fiber-count 
cables  consisting  of  more  than  several  hundred 


MODE  FIELD  DIAMETER  (pm) 

Figure  7.  Design  range  of  fiber  parameters. 
Dispersion  &  at  1.3pm  was  considered. 
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Figure  8.  (a)  A  600-fiber  cable  composed  of  4- 
fiber  ribbons,  and  (b)  a  1000-fiber  cable  composed 
of  8-fiber  ribbons. 
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fibers.  For  practical  use,  4-fiber  ribbon  cables 
must  be  able  to  be  jointed  to,  and  also  dropped 
from  8-fiber  ribbon  cables.  Because  of  this,  an 
8-fiber  ribbon  which  can  be  divided  easily  into 
two  4-fiber  ribbons  was  investigated.  An  8-fiber 
ribbon  can  be  divided  by  the  shearing  force  of  a 
newly  developed  simple  tool.  All  distances 
between  adjacent  fibers  in  a  4-fiber  ribbon  and  an 
8-fiber  ribbon  are  the  same.  As  a  result,  4- 
fiber  ribbons  and  8-fiber  ribbons  can  be  jointed 
to  each  other  by  a  common  mass  splicing  machine  or 
with  common  connectors  and  a  4-fiber  ribbon  can  be 
branched  from  an  8-fiber  ribbon  cable. 

3.3  Jointing  techniques 

In  addition  to  the  fiber  cable  cost,  the 
reduction  of  the  construction  cost  is  an  important 
factor  in  the  introduction  of  optical  fiber  to 
subscriber  loops.  The  establishment  of 
multifiber  splicing  techniques  to  achieve  high- 
splicing-efficiency  are  indispensable  in  the 
reduct icn  of  construction  cost.  Moreover, 
techniques  for  splicing  very  short  length  optical 
fibers  are  required  in  order  to  construct  a 
subscriber  loop  network  configuration.  We  have 
developed  a  mass-fusion  splicing  technique  and  a 
multifiber  connection  technique^)  by  considering 
the  following  technical  areas  ; 

a)  reduction  of  splicing  time  by  splicing  a  large 
number  of  fibers  simultaneously. 

b)  reduction  of  splicing  time  and  length  by 
reducing  the  number  of  mis-spl ices. 

c)  miniaturization  of  the  splice  machine  to  reduce 
fiber  length  for  jointing. 

d)  simplification  of  the  connector  structure  for 
easy  construction. 

c)  suppression  of  connection  loss  due  to  clearance 
between  the  ferrule  hole  and  outer  diameter  of  the 
fibers. 

( 1 )  Splicing 

The  problems  relating  to  the  mass-fusion 
splicing  technique  were  the  uniform  heating  of 
fibers  to  ensure  the  same  temperature  and  the 
suppression  of  fiber  end  face  variance.  To 
achieve  uniform  heating,  the  fiber  rows  were 
offset  from  the  electrode  axis.  The  relation 
between  the  offset  and  the  electrode  was 
investigated,  a  uniLorm  healing  condition  for  a 
ribbon  of  up  to  10  fibers  was.  confirmed 
experimentally.  On  the  other  hand,  a  strongly 
bonded  coat  has  been  proposed  to  reduce  fiber  end 
face  variance  and  a  coat  stripper  with  a  heater 
has  been  developed  to  remove  the  coat,  easily. 


Maximum  fiber  end  face  variance  is  reduced  to 
about  lOum  by  using  this  tool  and  a  fiber  mass¬ 
cutting  tool.  As  a  result,  the  mass-iusion 
splice  machine  was  made  simpler  and  smaller  than 
the  conventional  splice  machine*-^.  Figure  9 
shows  the  mass-fusion  splice  machine.  The  size 
of  the  machine  is  110x140x170  mm  .  A  success 
rate  of  80%  was  achieved  during  splicing 
procedures  from  coat  stripping  to  fusion  splicing. 


Figure  9.  Mass-fusion  splice  machine. 

Figure  10  shows  the  relation  between  the  number  of 
mass-splicing  trials  and  the  splice  success  rate. 
The  cut  length  of  fiber  ribbon  used  in  each  trial 
is  also  indicated.  The  splice  success  rate 
exceeds  99%  for  three  trials,  where  the  usable 
liber  length  is  about  9cm.  As  the  length  from 
the  inside  of  the  closure  to  the  splice  machine  is 
about  I6cm,  it  is  possible  to  splice  an  optical 
fiber  ribbon  of  23  cm  in  length. 


0  30  60  90  120  150 

CUT  LENGTH  (mm) 


Figure  10.  Relation  between  trial  number  of  mass- 
fusion  splicing  and  splice  success  rate. 
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(2)  Connector 

The  structure  of  the  multifiber  connector  for  a 
10-fiber  ribbon  is  shown  in  Fig.lPp.  Ten  fibers 
are  positioned  accurately  between  two  guide-holes. 
The  fibers  to  be  connected  can  be  easily  aligned 
by  two  guide-holes  and  guide-pins.  The  connector 
component  is  made  by  a  precision  plastic  molding 
technique  for  mass  production.  The  connector 
loss  is  significantly  affected  by  mis-al ignment 
due  to  the  clearance  between  the  inner  wall  of  the 
fiber  hole  and  the  outer  diameter  of  the  fiber. 
Therefore,  to  attain  low  spice  loss  it  is 
important  to  suppress  mis-alignment .  By  injecting 
adhesive  into  the  fiber  hole  the  fiber  axis  is 
aligned  automatically.  As  a  result,  an  average 
connector  loss  of  0.4  dB  was  attained.  Moreover, 
this  multifiber  connector  was  easily  assembled  by 
using  a  heating  machine  to  heat  adhesive  for 
fixing  the  fibers  and  a  polishing  machine  to 
polish  the  ferrule  ends.  The  size  of  the  heating 
machine  and  the  polishing  machine  are 
1 OOx 100x1 20mm ^  and  120x120x1 50mm^  respectively. 
The  assembly  time  was  about  20  minutes  per 
ferrule . 

FERRULE  COMPONENT 

PIN  GUIDING  HOLE 

FIBER  POSITIONING 


Figure  11.  Multifiber  connector  structure  for 
fiber  ribbon. 


3.4  Mid  span  access  technique 

It  is  necessary  to  establish  a  jointing 
technique  for  branching  optical  fibers  from  an 
arbitrary  point  on  installed  optical  fiber  cables. 
A  fiber  length  of  about  23cm  is  required  in  liber 
split. ing  procedures  to  enable  the  above  mentioned 
technique  to  be  applied.  Figure  12  show  the 
method  fot  obtaining  a  fiber  length  ot  about  23cm 
lor  splicing.  The  procedure  is  as  follows  : 

,i)  About  3 Vm  of  (able  sheath  is  removed. 


b)  The  slotted  rods  are  separated  by  pushing  the 
cable  from  either  end  a  distance  of  about  5cm  and 
the  tension  member  is  cut. 

c)  The  branched  fiber  ribbons  are  removed  from  the 
slotted  rods  and  the  required  slotted  rods  are 
cut . 

d)  The  closure  is  attached  to  the  part  at  which 
the  cable  sheath  has  been  removed. 

e)  The  fiber  ribbons  which  are  removed  are  cut  at 
the  center.  The  length  of  the  fiber  ribbons  is 
about  25cm.  Therefore,  it  is  possible  to  branch 
the  ribbon  from  an  arbitrary  point  on  the 
installed  optical  cable  to  another  optical  cable 
by  applying  the  above  splicing  technique.  The 
optical  loss  change  at  mid-span  access  was 
examined  for  single-mode  optical  fiber  ribbons. 
While  fiber  ribbons  were  removed  from  or  inserted 
into  a  closure,  excess  losses  of  the  handled 
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fibers  were  less  than  2  dB  at  1.55  Jim.  When 
an  8-fiber  ribbon  was  divided  by  the  shearing 
tool,  the  optical  loss  did  not  increase  more  than 
1  dB  at  1.55  jim.  These  results  show  that  digital 
services  at  1.3  pm  are  not  interrupted  by  optical 
power  level  change  while  fiber  ribbons  are 
accessed  at  the  cable  jointing  point  and  mid-span 
access  point.  These  techniques  were  field  tested 
and  the  results  were  found  to  be  satisfactory. 
The  details  are  described  in  section  4. 

4.  Experiments 


The  total  performance  of  singl  "node  optical 
fiber  ribbon  techniques  was  examined.  An 
experimental  line  was  constructed  in  the  area  of 
Ibaraki  Research  and  Development  Center  and 
included  duct  installation  of  the  cables, 
splicing,  and  connection  in  manholes. 
Experimental  routes  are  shown  in  Fig. 13.  The 
line  consists  of  3  underground  cables  and  2  short 
rising  cables.  The  cables  were  jointed  by  mass- 
splicing  and  multi-fiber  connectors.  The  route 
length  was  about  620  m.  In  order  to  confirm  the 
practicality  of  single-mode  optical  fiber  ribbon 
techniques  for  high-fiber-count  cable,  the 
experimental  line  was  constructed  by  using  cables 
consisting  of  10-fiber  ribbons.  The  underground 
cables  have  the  same  structure  as  the  1000-fiber 
cable  shown  in  Fig. 8.  The  loss  change 
during  cable  installation  was  negligibly  small  at 


figure  1  1.  Experiment;!  1  line  consisting  ot  single- 
I  modi'  opt  i <  ;il  fiber  ribbon  cable-. 


a  wavelength  of  1.55  pm. 

Mass-fusion  splicing  and  a  multifiber 
connector  were  evaluated  in  experimental  line. 
Figure  14  shows  the  splice  loss  distribution. 


SPLICE  LOSS  (dB) 


Figure  14.  Splice  loss  distribution  in  field  test. 


The  average  loss  was  0.11  dB.  The  total  splicing 
time,  required  for  splicing  a  10-fiber  ribbon  in 
the  field  was  270  sec  from  start  to  finish.  This 
means  that  the  splicing  time  per  fiber  was  only  27 
sec,  which  is  extremely  short  for  high-density  and 
high-fiber-count  cables.  Performances  of  the 
multifiber  connectors  constructed  in  the  factory 
and  in  the  field  have  also  been  evaluated  in  the 
experimental  line.  Figure  15  shows  the 
connection  loss  bet. ween  the  field-  and  the 
factory-installed  ferrules.  The  average 
connection  loss  was  0.42  dB.  It  took  20  minutes 
to  assemble  the  ferrule  in  the  field.  These 
splicing  and  connection  losses  are  found  to  be 
highly  practical  in  the  construction  of  subscriber 
lines.  In  the  manhole  (MH5),  a  part  of  the 
sheath  was  removed  from  the  cable  and  several 
fiber  ribbons  were  taken  out  by  using  the  mid-span 
access  technique  as  mentioned  3.4.  During  the 
mid-span  access  the  optical  loss  changes  of  the 
accessed  fibers  were  measured.  No  excess  losses 
of  more  than  I  dB  at  1.55  jim  were  observed. 

As  a  result,  it.  was  found  that  these 
technique's  were  suitable  for  praitiial  use-. 


International  Wire  &  Cable  Symposium  Proceedings  1988  147 


CONNECTION  LOSS  (dB) 


Figure  15.  Connection  loss  distribution  in  field 
test. 


5. Conclusion 

The  loop-network  configuration  which  is 
constructed  by  the  fiber  count  nonreductional 
distribution  method  was  proposed.  It  was  shown 
that  the  fiber  count  nonreductional  loop  topology 
is  highly  suitable  for  the  optical  fiber 
subscriber  network  in  that  it  is  more  flexible  and 
reliable  than  star  topology.  Single-mode  optical 
fiber  ribbon  cable  and  jointing  techniques  were 
investigated  to  facilitate  the  construction  of  the 
loop-network.  A  1000-fiber  cable  composed  of  8- 
fiber  ribbons  was  developed.  A  mass-fusion 
splicing  technique  and  a  multifiber  connector  were 


developed  for  the  fiber  ribbon.  All  aspects  of 
the  performance  of  these  techniques  was  evaluated 
by  constructing  an  experimental  line.  It  was 
confirmed  that  these  techniques  were  highly 
suitable  for  mid-span  access  which  is 
indispensable  for  the  fiber  count  nonreductional 
loop  network. 

Acknowledgment 

The  authors  would  like  to  thank  Michito 
Matsumoto  for  helpful  discussions  and  suggestions. 

References 

(1)  H.Suda,  S.Shibata  and  M.Xakahara,  "High-rate 
fabrication  of  wholly  synthesised  fibre  preforms 
by  the  multiflame  VAD  method  using  SiHCl^  raw 
materials".  Electron.  Lett.,  21,  p . 1123,  1985. 

(2)  S.Hatano,  Y.Katsuyama,  T.Kokubun  and  K.Hogari, 
"Multi-hundred-fiber  cable  composed  of  optical 
fiber  ribbons  inserted  tightly  into  slots",  35th 

IWCS  (Reno,  USA),  p. 17,  1986. 

(3)  Y.Katsuyama,  M.Miyauchi  and  N.Kashima, 
"Single-mode  fiber  cable  and  joining  technologies 
for  broadband  networks",  GLOBECOM'87  (Tokyo, 
Japan),  p. 1 310,  1987. 

(4)  T.Haibara,  S.Nagasawa  and  M. Matsumoto, 
"Single-mode  multifiber  jointing  techniques  for 
high-density  high-count  subscriber  cables",  37th 
IWCS  (Reno,  USA),  1988. 


148  International  Wire  &  Cable  Symposium  Proceedings  1988 


Masaaki  Kawase 

NTT  Network  Systems 
Development  Center 

Tokai,  Ibaraki, 
319-11,  Japan 


Masaaki  Kawase  received  his  B.E.  and  M.E.  degrees 
in  electrical  engineering  from  Hokkaido  University 
in  1970  and  1972,  respectively.  He  joined  NTT  in 
1972.  He  is  engaged  in  development  of  subscriber 
optical  transmission  lines.  He  is  Executive 
Engineer  of  the  Fiber  Optics  Local  Network  Systems 
Project  Group,  NTT  Network  Systems  Development 
Center,  Ibaraki,  Japan.  Mr.  Kawase  is  a  member 
of  the  Institute  of  Electronics,  Information  and 
Communication  Engineers  of  Japan. 


Tatsuya  Fuchigami 

NTT  Network  Systems 
Development  Center 

Tokai,  Ibaraki, 
319-11,  Japan 


Tatsuya  Fuchigami  received  his  B.E.  and  Ph.D. 
degrees  in  electronics  engineering  from  Hokkaido 
University  in  1975  and  1986,  respectively.  He 
joined  NTT  in  1975.  He  is  engaged  in  development 
of  optical  fiber  cables  for  subscriber  network. 
He  is  Executive  Engineer  of  the  Fiber  Optics  Local 

Network  Systems  Project  Group,  NTT  Network  Systems 
Development  Center,  Ibaraki,  Japan.  Dr. 
Fuchigami  is  a  member  of  the  Institute  of 
Electronics,  Information  and  Communication 
Engineers  of  Japan. 


joined  NTT  in  1981.  He  is  engaged  in  development 
of  optical  fiber  splicing  equipment.  He  is 
Senior  Engineer  of  the  Fiber  Optics  Local  Network 
Systems  Project  Group,  NTT  Network  Systems 
Development  Center,  Ibaraki,  Japan.  Mr.  Haibara 
is  a  member  of  the  Institute  of  Electronics, 
Information  and  Communication  Engineers  of  Japan. 


Shinji  Nagasawa 

NTT  Network  Systems 
Development  Center 

Tokai,  Ibaraki, 
319-11,  Japan 


Shinji  Nagasawa  received  his  B.E.  and  M.E. 
degrees  in  electronics  engineering  from  Chiba 
University  in  1974  and  1976,  respectively.  He 
joined  NTT  in  1976.  He  is  engaged  in  development 
of  optical  fiber  connecting  and  splicing 
techniques.  He  is  Senior  Engineer  of  the  Fiber 
Optics  Local  Network  Systems  Project  Group,  NTT 
Network  Systems  Development  Center,  Ibaraki. 

Japan.  Mr.  Nagasawa  is  a  member  of  the  Institute 
of  Electronics,  Information  and  Communication 
Engineers  of  Japan. 


Seiji  Takashima 

NTT  Network  Systems 
Development  Center 

Uchisaiwai-cho 
Chiyoda-ku , 

Tokyo,  100  Japan 


Tadashi  Haibara 

NTT  Network  Systems 
Development  Center 

Tokai,  Ibaraki, 
319-11,  Japan 


Seiji  Takashima  received  his  B.E.  and  M.E. 
degrees  in  electrical  engineering  from  Waseda 
University  in  1967  and  1969,  respectively.  He 
also  received  M.S.  degree  in  management  from 
Massachusetts  Institute  of  Technology  in  1983. 
He  joined  NTT  in  1969.  He  is  Senior  Manager  in 
the  Telecommunications  Cable  Systems  8  Outside 
Plant  Project  Group  and  Fiber  Optics  Local  Network 
Systems  Project  Group  in  NTT  Network  Systems 
Development  Center,  Tokyo,  Japan.  He  is  a  member 
of  the  Institute  of  Electronics,  Information  and 
Communication  Engineers  of  Japan. 


Tadashi  Haibara  received  his  B.E.  and  M.E. 
degrees  in  precision  engineering  from  Hokkaido 
University  in  1979  and  1981,  respectively.  He 


International  Wire  &  Cable  Symposium  Proceedings  1988  149 


CITY  FIBRE  NETWORK  ESTABLISHES  LOCAL  ACCESS  OPTICAL  PLANT 


Ray  Adcock 


British  Telecommunications,  UK 


SUMMARY 

Early  1988  saw  the  opening  of  British 
Telecom's  City  Fibre  Network  as  the  first 
Flexible  Access  System  with  the  latest 
single-mode  optical  fibre  technology.  A 
cable  network  involving  several  thousand 
business  customer  sites  has  been  deployed 
in  the  City  of  London  with  equipment 
installed  to  handle  initially  some  10,000 
analogue  private  circuits  but  which  will 
also  include  digital  private  circuits. 

New  external  optical  plant  products  were 
developed  which  provide  for  both  1300nm 
and  1550nm  operation.  96  fibre 
fully-filled  cables  provide  main  spines 
to  nodal  jointing  positions  where  Blown 
Fibre  techniques  or  low  fibre  count  cable 
connect  customers  for  service.  Future 
developments  may  lead  to  a  new  and 
refined  network  architecture  where  one 
single-mode  fibre  feeder  will  fan  out 
from  the  exchange  to  several  customers 
via  passive  optical  splitters. 


INTRODUCTION 

Development  of  optical  plant  for  use  in 
the  local  network  by  British  Telecom  was 
first  reported  in  1986.  By  the  end  of 
that  year,  construction  of  the  Flexible 
Access  System  (FAS)  [1)  optical  network 
was  well  under  way  in  the  City  of  London 
where  it  serves  the  financial  centre. 

When  this  City  Fibre  Network  was 
officially  opened  in  January  1988, 

British  Telecom  said  that  the  new  FAS 
will  provide  'future-proof'  solutions  for 
business  customers  with  rapidly  changing 
requirements.  The  immediate  advantages 
were  highlighted: 

fast  supply  of  new  circuits 

prompt  circuit 
reconfigurations 

rapid  maintenance  and  high 
reliability 


Investments  of  over  $200  million  have 
already  been  made  in  the  first 
operational  systems.  The  total  quantity 
of  optical  fibre  installed  by  mid  1988  in 
the  City  Fibre  Network  is  already 
substantial  and  now  stands  at  around 
35,000  fibre  km  direct  to  customers  in 
the  access  network  (local  network  for 
FAS).  This  compares  with  a  total  of 
about  350,000  fibre  km  installed  in  the 
core  network,  that  is  both  trunk  and 
junction.  Already,  one  building 
providing  a  switch  point  node  for  the 
City  Fibre  Network  has  over  15,000 
single-mode  fibres  terminating  within  it, 
see  Fig  1. 


Fig  1  optical  cables  in  cable  chamber  for  some  of  the 

’5  000  FIBRES  TERMINATED  IN  ONE  SWITCH  POINT  NODE 
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There  are  three  nodes  in  the  City  Fibre 
Network  and  this,  the  first  FAS  network 
is  dimensioned  to  serve  several  thousand 
customer  sites.  FAS  networks  are 
currently  being  extended  into  Docklands, 
an  adjacent  area  of  London.  This  will  be 
followed  by  other  parts  of  London  and 
other  major  cities.  Within  6  years,  it 
is  intended  to  roll-out  FAS  to  provide 
several  million  lines  over  optical  fibre 
direct  into  all  customer  sites  of  25 
lines  and  over. 

Initially,  British  Telecom  has  restricted 
optical  fibre  provided  service  to  large 
and  medium  size  businesses  where  there 
are  significant  operational  benefits  to 
be  gained.  In  particular,  the  provision 
of  an  optical  pipeline  provides  a  single 
bearer  over  which  all  services  can  be 
provided.  Fibre  in  the  local  network 
will  enable  restructuring  to  take  place 
by  node  consolidation  and  hence  reduce 
maintenance  costs.  British  Telecom  is 
seeking  to  reduce  the  price  of  optical 
line  plant  by  increasing  the  volume 
required  through  network  replacement. 

An  evolution  plan  has  been  devised  which 
will  lead  to  eventual  provision  of 
optical  fibre  for  the  single  line 
residential  customer  site.  For  this  to 
be  economic,  FAS  network  architecture 
will  not  be  suitable  and  a  new  approach 
known  as  Telephony  on  Passive  Optical 
Network  (TPON)  [2]  is  being  considered  by 
British  Telecom. 

The  following  sections  deal  first  with 
some  basic  detail  of  the  current  FAS  and 
future  possibilities  for  TPON  networks. 
The  second  section  deals  with  development 
of  optical  cable  and  plant  for  the  main 
infrastructure  of  the  FAS  Network  and  the 
third  with  Blown  Fibre  plant  as  a 
flexible  system  for  service  connection  of 
a  customer.  The  fourth  section  concludes 
with  some  developments  for  the  future. 

THE  NETWORKS 

Flexible  Access  System 

FAS  comprises  of  an  intelligent 
multiplexer  at  the  customer  end  in  a 
Customer  Service  Module  (CSM)  which 
modulates  the  various  customer  inputs 
into  a  common  format  that  is  suitable  for 
transmission  over  the  network.  The  CSM 
includes  opto-electronics ,  higher  order 
multiplex  and  the  appropriate  number  of 
primary  multiplex  (channel-banks). 
Automatic  protection  switching  is 
provided  at  the  2Mbit/s  level  via 
duplicated  fibre  and  transmission 
equipment.  There  are  also  standby 
batteries  and  line-testing  aids.  At  the 
exchange  end,  opto-electronics  and  higher 
order  multiplex  demodulate  the  line 


systems  back  to  2Mbit/s,  the  various 
2Mbit/s  blocks  are  distributed  to  the 
appropriate  functional  networks.  Higher 
bit  rates  can,  of  course,  be  provided  for 
when  required.  Private  analogue  and 
digital  circuits  (the  first  to  be 
available)  are  routed  through  automatic 
cross  connect  equipment  known  as  a 
Service  Access  Switch  (SAS)  and  the 
system  is  managed  from  a  Service  Access 
Control  Centre  (SACC),  see  Fig  2. 


FAS  provides  a  common  bearer  to  make 
available  a  full  range  of  services 
including  ISDN  telephony  and  analogue 
telephony.  The  latter  requires  a 
signalling  system  soon  to  be  available 
which  is  known  as  Digital  Access 
Signalling  System  2  ( DASS2 ) .  This  is  a 
high  capability  customer  to  network 
64kbit/s  common  channel  signalling 
system.  Normally,  both  switched  and 
private  circuits  will  be  separated  at  the 
2Mbit/s  level  but  there  is  potential  for 
grooming  where  a  single  2Mbit/s  path  is 
required  to  contain  only  a  small  number 
of  private  circuits  as  well  as  switched 
lines.  The  SACC  provides  for  software 
control  of  the  network  allowing  for  a 
high  degree  of  network  management  without 
the  need  for  technican  visits  to  customer 
sites.  FAS  will  allow  new  circuits  to  be 
set  up  more  speedily  or  to  be 
reconfigured  by  a  simple  software  change 
at  the  SACC,  which  can  also  monitor  the 
status  of  any  circuit  ensuring  high 
levels  of  reliability.  Standby  circuits 
switch  in  automatically  should  a  fault  be 
detected  and  centralised  alarms  will 
speed  maintenance. 

Telephony  over  Passive  Optical  Network 

The  future  development  of  TPON  presents 
one  possibility  to  take  fibre  direct  to 
residential  customer  sites  using  passive 
networks  comprising  single-mode  fibres. 
These  are  fed  from  the  exchange  and 
fanned  out  via  optical  splitters  at  the 
joint  box  or  cabinet  and  distribution 
point  positions  to  feed  a  number  of 
customers.  For  example,  an  arrangement 
giving  8  ways  out  at  the  cabinet  and  16 
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ways  at  each  distribution  point  would 
give  capacity  for  128  customers,  each 
with  a  144  kbit/s  ISDN  line.  Downstream 
signals  could  be  formed  into  a 
conventional  time  division  multiplex  at 
about  20Mbit/s,  particular  time  slots 
being  assigned  to  each  customer.  In  the 
upstream  direction  converging  traffic 
streams  are  passively  multiplexed  at  DP 
and  cabinet  branching  points, 
synchronisation  being  achieved  by  means 
of  a  timing  handshake  between  customer 
and  exchange. 

The  TPON  structure  may  be  evolved  to 
carry  broadband  services  such  as  CATV, 
HDTV  and  broadband  ISDN  as  well  as 
telephony  services  by  using  wavelength 
division  multiplexing.  This  concept  is 
termed  Broadband  Passive  Optical  Network 
< BPON) .  Each  optical  wavelength  can  be 
used  to  support  a  different  service  or 
provide  a  dedicated  link  to  each 
customer.  Possible  configurations  for 
TPON  and  BPON  are  shown  in  Fig  3. 

A  complementary  paper  [3]  from  British 
Telecommunications  develops  the  detail  of 
the  architecture  required  for  the  TPON 
system. 


Fig  3  NETWORK  CONFIGURATIONS  FOR  TPON  (TELEPHONY  ON 
PASSIVE  OPTi'  AL  NETWORK!  AND  BPON  (BROADBAND 
PASSIVE  OPTICAL  NETWORK  ! 


FAS  NETWORK  OUTSIDE  PLANT 


The  design  of  filled  single-mode  optical 
fibre  cable  first  described  to  IWCS  in 
1986  [4]  is  now  well  established  and 
detail  given  then  is  not  repeated  in  this 
paper.  However,  it  is  interesting  to 
note  that  although  British  Telecom 
specifies  optical  cable  in  performance 
terms  which  allow  a  manufacturer 
considerable  design  choice,  similar  fibre 


in  tube  constructions  have  been  design 
approved  for  all  the  suppliers.  Ribbon 
constructions  are  not  precluded  but  so 
far  have  not  proved  suitable  for  large 
fibre  size  cable.  A  range  of  fibre  cable 
sizes  based  on  units  of  8  fibres  has  been 
chosen  up  to  the  current  96  fibre 
maximum.  Although  larger  sizes  have  been 
considered,  their  use  has  so  far  not 
proved  to  be  necessary  despite  the  high 
density  of  fibre  installed  into  the  City 
Fibre  Network.  A  factor  here  is  the  need 
to  maximise  reliability  by  providing 
diverse  routing  as  far  as  is  practicable, 
each  customer  is  supplied  by  4  fibres,  a 
main  and  standby  pair  of  go/return 
fibres.  Consequently,  it  is  desired  that 
main  and  standby  pairs  are  routed  through 
separate  96  fibre  cables. 

The  decision  to  specify  both  1300nm  and 
1550nm  operating  wavelength  has  been 
fully  justified  by  the  achievement  of 
0.5dB/km  maximum  loss  in  both  windows  by 
all  the  cable  manufacturers.  A  stringent 
program  of  design  approval  testing  has 
been  satisfied  by  all  the  suppliers. 

The  cable  network  for  FAS  is  laid  down 
with  96  fibre  cable  spines,  these  may  be 
broken  down  through  the  range  of  72,  48, 
32,  24,  16  or  8  fibre  cables  as  required, 
to  a  nodal  joint  from  where  a  4  fibre 
cable  or  Blown  Fibre  Bundle  connection  is 
made  to  the  customer  site. 


Joints  and  SpliceB 

It  has  been  decided,  initially  at  least, 
not  to  provide  cabinets  for  flexibility 
but  to  arrange  for  this  within  the  nodal 
joint.  It  is  intended  that  flexibility 
is  restricted  to  initial  provision  and 
not  allowed  for  rearrangement  purposes 
because  of  the  risks  that  may  be  imposed 
on  other  working  fibres.  To  provide  the 
maximum  number  of  cable  entry  ports  to 
allow  for  all  likely  nodal  joint 
configurations,  including  use  of  blown 
fibre  microduct,  an  in  line  sheath 
closure  design  which  is  fully  accessible 
has  been  adopted.  Splice  trays  have  been 
adapted  to  meet  the  needs  of  the  FAS 
network,  in  terms  of  both  flexibility  for 
initial  installation  and  access  for 
maintenance.  Self-contained  trays  with 
lids  and  which  can  be  independently 
accessed  are  mounted  within  the  sheath 
closure  system.  Each  tray  provides  for 
separate  routing  of  24  fibres  and  their 
splices  in  such  a  manner  that  a  tray  may 
be  entered  to  work  on  a  single  fibre 
without  interference  with  any  of  the 
others.  This  may  be  for  either 
maintenance  purposes  or  connection  of  a 
new  customer  for  service.  A  typical 
nodal  joint  is  shown  in  Fig  4. 
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Fig  4  NODAL  JOINT  SHOWING  ORGANISERS  AND  THROUGH 
CONNECTED  BLOWN  FIBRE  MICRODUCT 


A  minimum  bend  radius  of  40mm  is  applied 
to  each  fibre  within  the  splice  tray. 

This  figure  has  been  arrived  at  from 
considerations  for  both  assessment  of 
fibre  lifetime  limited  by  the  probability 
of  mechanical  failure  of  the  fibre  and 
the  need  to  maintain  availability  of  the 
1550nm  window. 

British  Telecom  continues  to  require 
fusion  splicing  to  be  used  within  outside 
network  line  plant  and  the  current  limit 
of  0.5dB  per  splice  is  met  with  ease. 
Although  a  tighter  limit  could  be  set 
which  would  be  readily  achievable, 
optical  power  budgets  do  not  require  this 
for  the  short  route  lengths  employed  on 
FAS  and  unnecessary  remakes  of  splices 
are  avoided.  Because  it  was  recognised 
that  some  situations  arise  where  fusion 
splicing  may  not  be  practicable,  a 
detailed  program  of  evaluation  of 
mechanical  splices  has  been  undertaken. 
However,  all  those  which  were  short 
listed  as  likely  to  be  suitable  have 
shown  some  evidence  of  environmental 
temperature  instability  which  has  caused 
concern  with  regard  to  potential  for  long 
term  use. 

Return  loss  is  of  critical  importance,  in 
particular  with  regard  to  future 
exploitation  of  fibres  for  bi-directional 
working  or  wavelength  division  multiplex. 
Evidence  has  also  been  noted  of 
variability  of  return  loss  of  a 
particular  mechanical  splice  in  an 
experimental  route  due  to  Fabry-Perot 
effects.  Consequently,  use  of  mechanical 
splices  is  currently  restricted  to  short 
term  maintenance  use  only. 

Flexibility  and  Termination  in  Exchange 

The  system  reported  on  previously  [41  has 
proven  to  be  highly  successful  for  the 
high  density  of  single-mode  fibres  which 
have  to  be  terminated  in  an  exchange 
building.  In  this  rack-mounted  system 


shown  in  Fig  5,  up  to  24  splices  are 
housed  in  jointing  trays,  each  tray  also 
containing  sufficient  spare  fibre  to 
enable  re-connections  to  be  made  in 
future.  With  over  15,000  single-mode 
fibres  already  having  been  terminated  in 
one  building  for  the  City  Fibre  Network, 
the  economic  need  to  restrict  use  of 
optical  connectors  to  only  the  final 
connection  into  the  terminating  equipment 
is  very  obvious. 


Fig  5  EXCHANGE  TERMINATION  SPLICE  ORGANISER  TRAYS 


Consequently,  connectorised  patch  panels 
have  not  been  utilised  and  flexibility 
has  been  provided  for  by  routing  internal 
fibre  through  equipment  racks  of  splice 
trays  as  follows.  The  external  96  fibre 
cables  are  jointed  in  the  cable  chamber 
to  24  fibre  tight  jacketed  internal  cable 
which  is  routed  to  the  first  rack  of 
splice  trays.  A  splice  is  made  here  to  a 
single  fibre  ruggedised  internal  cable 
which  is  routed  to  a  second  rack  of 
splice  trays.  This  is,  in  turn,  spliced 
to  another  24  fibre  cable  routed  to  the 
final  rack  of  splice  trays  serving  the 
terminal  equipment,  here  a  single  fibre 
ruggedised  and  pre-connector ised  tail 
cable  is  spliced  on  ready  for  the  final 
connection.  Flexibility  is  obtained  by 
re-routing  and  re-splicing  the  single 
fibre  cables  as  required. 
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Although  this  system  is  operating  very 
satisfactorily,  it  is  desired  to  progress 
to  a  flexibility  system  that  will  allow  a 
choice  to  be  made  between  use  of  either 
connector  or  fusion  splice  to  provide  for 
flexibility.  Such  a  design  is  now 
awaiting  trial  installation  and  is  shown 
in  Fig  6a  and  6b.  Each  splice  tray 
allows  for  independent  access  of  any  one 
fibre. 


The  NTT  design  of  FC/PC  connector  has 
been  chosen  as  the  standard  for  use  on 
single-mode  fibre  by  British  Telecom. 
Field  termination  is  not  yet  deemed  to  be 
sufficiently  practicable  and  reliable  so 
pre-connector ised  single  fibre  ruggedised 
cable  tails  are  supplied  for  splicing  on 
in  the  field.  A  2.4mm  diameter  cable 
design  was  originally  chosen  but  this  has 
now  been  changed  to  the  2.5mm  1EC 
standard . 

Blown  Fibre 


This  was  reported  on  in  1986  and  is  now 
in  full  operational  use  by  British 
Telecom.  The  first  successful  trial  in 
Leeds,  UK  was  completed  mid  1985.  Many 
of  the  final  connections  from  the  nodal 
joint  in  the  City  Fibre  Network  have  been 
made  using  Blown  Fibre.  The  attributes 
of  the  Blown  Fibre  system  were  dealt  with 
in  the  earlier  paper  [4]  and  elsewhere 
[5]  so  the  principle  of  operation  is  only 
briefly  considered  here.  A  fibre  unit, 
currently  4  individually  coloured  and 
buffered  fibres  are  held  in  a  symmetrical 
unit,  together  with  a  ripcord  to  aid 
stripping,  with  a  coating  of  foamed 
polyethylene . 

Microduct  is  installed  prior  to  provision 
of  fibre,  this  is  a  small  diameter  tube, 
currently  6mm  bore,  extruded  to  provide  a 
low  friction  static-free  bore.  Several 
of  the  microducts  are  bundled  together 
(current  sizes  2,  4,  7)  and  given  an 
overall  sheath  of  polyethylene  or  PVC. 
When  required,  the  fibre  unit  is  blown 
into  the  microduct  using  a  blowing  head 
shown  schematically  in  Fig  7. 


Compressed  air 


Fig  6b  INDIVIDUAL  SPLICE  ORGANISER  (FROM  FIG  6a 


Fig  7  BLOWING  HEAD  FOR  BLOWN  FIBRE  UNi 


The  mountings  shown  on  the  splice  tray 
for  a  connector  may  be  changed  to  ones 
which  "aold  a  splice  protector  and  thus 
achieve  the  choice  desired. 


Rubber  driving  wheels  feed  in  the  fibre 
unit  which  is  then  carried  through  the 
microduct  tube  by  the  viscous  flow  of  air 
which  distributes  the  applied  forces 
along  the  whole  length  of  the  fibre  unit. 
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The  particular  advantages  of  Blown  Fibre 
are  that  it  confers  the  ability  to  defer 
fibre  provision  allowing  inexpensive 
microduct  tubing  to  be  installed  at  an 
early  stage,  possibly  on  a  speculative 
basis.  Also,  the  installation  technique 
virtually  eliminates  any  additional 
strain  from  being  applied  to  the  fibre 
unit  and  hence  it  is  not  necessary  to 
include  a  strength  member  for  strain 
relief.  Blown  fibre  is  of  particular 
benefit  within  buildings  enabling  fibre 
to  be  re-routed  by  appropriate 
interconnection  of  microducts. 

For  initial  installation  into  the  City 
Fibre  Network,  a  maximum  planning  limit 
of  600m  for  a  single  length  blow  has  been 
adopted.  However,  range  extending 
techniques  have  been  developed  which  are 
in  process  of  being  introduced  into  field 
practice.  [6]  The  planner  and  field 
installer  will  have  available  a  choice  of 
method  most  suited  to  a  particular 
situation.  Three  are  currently  being 
made  available: 

Mid  Point  Blowing.  The  fibre 
unit  is  supplied  on  reversible 
toroidal  storage  pans  which 
give  access  to  both  ends,  see 
Fig  8a.  The  fibre  unit  is 
first  installed  in  one 
direction  and  then,  after 
inverting  the  pan,  in  the  other 
direction.  Each  loop  within 
the  pan  is  stored  under  torsion 
in  such  a  manner  that  when 
dispensed  the  torsion  is 
unwound . 

Tandem  Blowing.  By  automating 
the  blowing  heads  with  fibre 
unit  "buckle-detectors"  on 
either  side,  a  number  of 
blowing  positions  can  be  set  up 
in  tandem  for  simultaneous 
blowing  in  of  a  theoretically 
unlimited  length  of  fibre  unit. 

End  Loop  Feeding  (ELF).  This 
uses  an  ELF  machine,  shown  in 
Fig  8b,  which  receives  fibre 
unit  at  the  end  of  an  up  to 
600m  blow  and  re-stores  it  in  a 
toroidal  storage  pan.  The  pan 
is  then  inverted  as  in  the 
first  method  and  the  fibre  unit 
can  then  be  blown  on  for  a 
further  600m. 


Fig  8a  TOROIDAL  STORAGE  PAN  FOR  BLOWN  FIBRE  UNIT 


Fig  80  END  LOOP  FEEDER  (ELF)  MACHINE 
FOR  BLOWN  FIBRE  UNIT 


British  Telecom  sees  great  potential  for 
Blown  Fibre  techniques  as  installation  of 
optical  fibre  in  the  access  network 
expands.  Not  only  does  the  planner  have 
an  alternative  to  cable  but  also 
presented  is  the  exciting  prospect  of 
spliceless  networks  for  the  future. 


I 
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FUTURE  DEVELOPMENTS 


The  establishment  of  FAS  as  a  large  scale 
access  network  with  direct  termination  of 
optical  fibre  in  customers  premises  has, 
initially,  required  an  over  generous 
deployment  of  fibre.  Four  individually 
dedicated  fibres  serve  the  customer  all 
the  way  to  the  exchange  while  the  future 
prospect  of  TPON  requires  only  a  single 
fibre  which  for  most  of  the  route  from 
the  exchange  will  be  shared  between  many 
customers . 

Intermediate  between  these  extremes  will 
be  the  introduction  of  couplers/splitters 
within  the  network  to  provide  for  both 
bi-directional  working  and  wavelength 
division  multiplex.  Establishing  a  ;>igh 
integrity  fibre  network  with  commitment 
to  fusion  splicing  to  avoid  restrictions 
due  to  return  loss  has  been  seen  by 
British  Telecom  as  an  essential  step  in 
preparing  for  use  of  couplers/splitters, 
now  successfully  providing  bi-directional 
working  on  core  network  routes. 

British  Telecom  is  actively  pursuing 
non-instrusive  fibre  testing  technology. 
In  a  novel  instrument  a  controlled 
localised  bend  taps  and  a  secondary 
waveguide  efficiently  collects  a  portion 
of  the  signal  in  a  fibre.  This  "Clip-on" 
instrument  generates  little  loss  to  the 
system,  and  therefore  will  not  cause  a 
disruption  in  the  transmission  to  occur. 
"Clip  on”  technology  will  have  several 
applications.  Fig  9  shows  a  prototype 
"Clip-on”  live  fibre  identifier/power 
meter.  Fibres  can  also  be  actively 
identified  [7],  using  a  "Clip-on" 
instrument,  by  extracting  and  decoding 
unique  identification  codes  incorporated 
into  maintenance  channels  of  a 
transmission  system.  An  example  of  such 
a  system  is  shown  in  Fig  10.  "Clip-on" 
instruments  will  therefore  be  very  useful 
in  installing  and  maintaining  a 
fibre-based  local  access  network. 


Fig  9  CLIP-ON'  LIVE  FIBRE  IDENTIFIER/POWER  METER 
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Fig  10  APPLICATION  OF  'CLIP-ON  AS  AN 
IDENTIFICATION  DECODER 


The  large  scale  use  of  fibre  in  the 
exchange  is  making  new  demands  on  optical 
testing.  In  particular,  where  splices 
may  be  in  close  proximity,  there  is  a 
need  for  OTDR's  of  much  increased 
resolution  of  around  0.5m  and  decreased 
dead  zone.  The  bulk  of  test  results  to 
be  taken  on  commissioning  also  demands 
data  bank  storage  and  retrieval  systems 
for  maintenance  purpose.  These  areas  are 
all  being  pursued  by  British  Telecom. 

CONCLUSIONS 

This  paper  has  detailed  the  design  and 
construction  of  a  large  single-mode 
optical  fibre  public  network  providing 
direct  access  for  the  customer,  now  fully 
operational  and  in  service.  Local  access 
network  requirements  are  driving  forward 
development  and  economics  of  optical  line 
plant,  new  horizons  will  enable  telephone 
networks  to  evolve  from  the  long  serving 
copper  pair  local  loop  to  fibre  capable 
of  providing  a  full  range  of  services  to 
every  customer. 
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Abstract 


The  recent  flurry  of  activity  in  deployment  of  fiber 
cables  in  the  subscriber  loop  has  produced 
considerable  speculation  as  to  the  need  for  new  for 
designs  and  test  methods  for  optical  cable  and 
hardware.  This  paper  reviews  some  of  the  early 
results  from  one  such  installation  at  Heathrow,  rear 
Orlando,  Florida. 

The  design  of  residential  fiber  links  in  terms  of  link 
attenuation  (loss)  and  optical  reflections  is  analyzed. 
Also,  we  describe  the  design  and  operation  of  a  loss 
and  reflection  test  set  custom-built  for  the  Heathrow 
project.  Finally,  recognizing  that  the  experience 
gained  from  these  early  fiber-to-the-home  projects 
will  provide  valuable  input  to  optical  hardware 
suppliers,  some  of  the  current  shortcomings  are 
discussed. 


Introduction 

The  shorter  loop  lengths  associated  with  fiber-to-the- 
home  systems  have  been  considered  to  be  an 
advantage  in  terms  of  fiber,  splice,  and  connector 
losses.  Consequently,  it  was  generally  assumed  that 
subscriber  loop  installations  could  tolerate  higher 
losses  and,  therefore,  less  expensive  fiber,  splices 
and  connectors.  In  fact,  practice  has  shown  these 
assumptions  to  be  incorrect.  The  profusion  of  splices 
and  connectors  in  a  4  km  subscriber  link  quickly 
depletes  the  available  system  margins,  especially 
when  passive  optical  devices  such  as  power  splitters 
or  wave  division  multiplexers  are  used. 

Most  cost-effective  fiber-to-the-home  architectures 
planned  for  the  future  will  probably  rely  on  the 
multiplexing  of  either  services  and/or  subscribers  on 
a  single  fiber.  To  achieve  this,  optical  splitters  and/or 
wave  division  multiplexers  (WDMs)  will  impose  not 
only  significant  attenuations,  as  discussed  above,  but 
also  new  requirements  for  link  testing  and  trouble¬ 
shooting.  For  example,  bidirectional  and  to  a  lesser 
extent,  multiwavelength  transmission  systems  rely  on 
low  optical  reflections  for  high  performance 
operation.  This  requirement  introduces  a  new 
parameter  which  needs  to  be  qualified  during  link 


acceptance  testing.  Fortunately,  the  Heathrow 
experience  has  provided  the  impetus  to  design  a 
field  usable  reflection  test  set.  Also  applied  research 
into  the  measurement  and  analysis  of  reflections 
from  concatenated  fiber  links  is  in  progress. 

Bidirectional  transmission  architectures  also 
introduce  a  number  of  practical  problems  for  outside 
plant  and  maintenance  engineers.  One  of  these 
problems,  is  the  drop  in  productivity  resulting  from 
the  need  for  fiber  link  acceptance  testing  in  both 
upstream  and  downstream  directions.  The  fiber-to- 
the-home  project  currently  underway  in  Heathrow, 
Florida  encompasses  these  issues,  and  others  such 
as  environmental  performance  of  optical 
components,  maintenance  testing,  and  fault  location, 
to  name  a  few. 

The  Heathrow  fiber  link  design  uses  optical  splitters 
for  bidirectional  transmission  at  long  wavelengths 
(1300  nm)  as  well  as  WDMs  for  bidirectional 
transmission  at  short  wavelengths  (780  nm  and  890 
nm).  Furthermore,  both  long  and  short  wavelengths 
go  through  a  second  stage  of  multiplexing  onto  a 
single  fiber  between  the  central  office  and  the 
subscriber's  residence. 

The  design,  engineering,  construction,  and  testing  of 
these  complex  fiber  links  provide  invaluable 
experience  and  data  for  next  generation  fiber-to-the- 
home  architectures. 

tzlbsr  LLnK  Test  Set  (FLINT) 

The  unique  system  design  for  Heathrow,  using  both 
short  and  long  wavelength  bidirectional  transmission 
sysiems  on  singie-mode  fiber,  required  a  test  set 
capable  of  measuring  both  loss  and  reflections. 
Since  no  test  equipment  was  commercially  available 
Bell-Northern  Research  (BNR)  engineers  designed  a 
custom  Fiber  Link  Test  set  (FLINT)  which  enabled 
field  personnel  to  fully  characterize  the  fiber  optic 
links. 

The  general  features  of  the  FLINT  set  may  be 
summarized  as  follows: 

•  portable  and  rugged  (hand  carried  in  the  held) 

•  multiple  wavelength  operation  (820  nm  1300  nm. 
1550  nm) 
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•  multiple  features 

-  output  power  measurement 

-  received  power  measurement 

-  reflected  power  measurement 

•  optical  stability 

•  simple  operation 

Normal  fiber  link  acceptance  testing  consists  of 
characterizing  the  installed  fiber  cable  for  optical  loss 
to  determine  if  design-loss  budgets  have  been  met. 
However,  since  Heathrow  employs  bidirectional 
transmission  systems  using  a  single  fiber,  another 
critical  performance  parameter  optical  reflection 
requires  characterization. 

In  simple  terms,  reflections  within  a  fiber  link  will 
cause  electrical  cross-talk  in  systems  which  employ 
optical  power  splitters  for  bidirectional  transmission 
(Figure  1).  In  digital  transmission  systems,  a  signal  to 
interference  ratio  (S/I)  of  less  than  10  dB  can  result  in 
significant  transmission  degradation. 

TRANSMITTED 


REFLECTED 

SIGNAL 

Figure  1 :  Optical  Reflections 

By  selection  of  low  reflection  components  within  the 
test  set,  i.e.  Anti-Reflection  coated  switches  and  low 


reflection,  polished  connectors,  the  total  internal 
reflections  within  the  test  set  are  approximately  -38 
dB.  This  is  sufficient  for  accurate  fiber  link 
characterization. 

The  schematic  diagram  in  Figure  2  shows  the 
functional  arrangement  of  optical  components  which 
allow  for  simultaneous  loss  and  reflection 
measurements  when  two  test  sets  are  used. 

Fiber  Link  Design 


Clear  understanding  of  the  loss  and  reflection 
performance  of  the  link  components  is  required  for 
the  successful  operation  of  bidirectional  and  multi¬ 
wavelength  transmission  systems.  Figure  3 
describes  the  loss  and  reflection  assumptions  made 
during  the  design  phase  of  the  Heathrow  links. 
These  assumptions  were  based  on  a  combination  of 
factors: 

•  Advertised  performance  specifications  from 
component  suppliers  (e.g.,  splices,  connectors). 

•  Laboratory  qualification  tests;  and 

•  Safety  factors  to  account  for  influence  of  field 
environment  and  installation  variability. 

The  rationale  for  this  approach  was  to  establish  a 
compromise  between  losses  required  for  practical 
outside  plant  construction  and  the  system  gam 
achievable  with  reasonably  cos'-effective  optical 
transmitters  and  receivers. 


International  Wire  &  Cable  Symposium  Proceedings  1988  159 


WORST  CASE  COMPONENT  LOSS  (dB) 

130Cnm 

780nm 

890nm 

CABLED  FIBER 

0.5/km 

3.2/km 

1 

_ 

CONNECTORS 

0.7 

1.0 

SPLICES 

0.2 

0.2 

■ 

Figure  3:  Loss  Design  Criteria 


Results  of  lab  tests  showed  that  although  single¬ 
mode  fiber  is  normally  not  tested  at  short 
wavelengths,  its  loss  performance  at  780  nm  and 
890  nm  is  well  within  the  worst-case  design  criteria 
as  shown  in  Figure  3,  above.  Various  types  of 
single-mode  connectors  were  characterized  for  both 
loss  and  reflection  performance.  As  expected, 
connector  losses  were  approximately  0.3  dB  higher 
at  short  wavelengths  than  at  1300  nm.  Reflections  of 
less  than  -40  dB  were  achievable  with  state-of-the-art 
PC  polished  connectors  only.  In  general,  single¬ 
mode  connector  performance  has  improved 
considerably  over  the  last  two  years,  however,  the 
ability  to  mate  connectors  from  different 
manufacturers  and  production  in  large  quantities  are 
two  issues  which  need  serious  attention  before  large 
deployment  of  connectors  in  the  subscriber  loop  is 
practical. 

Unlike  connectors,  splices  were  expected  to  perform 
consistently  at  0.2  dB  loss,  or  better,  over  the  entire 
range  of  wavelengths.  Lab  testing  confirmed  this  to 
be  true  for  both  fusion  and  mechanical  splices  using 
index-matching  fluid. 

The  Heathrow  experience  has  shown  that  fusion 
splices  consistently  achieve  reflection  performances 
better  than  -40  dB.  In  fact,  reflections  from  fusion 
splices  are  typically  better  than  -50  dB  and  often  too 
low  to  measure.  Although  more  sensitive  to 
installation  methods  and  less  repeatable,  field  test 
results  from  mechanical  splices  showed  that  -40  dB 
reflections  are  achievable  only  if  they  are  properly 
polished  and  index-matched. 

Using  these  component  loss  and  reflection  criteria, 
sectional  and  total  link  loss  budgets  can  be  calculated 
for  acceptance  testing.  As  an  example,  the  calculated 
worst  case  loss  for  the  feeder  portion  of  the  Heathrow 
fiber  link  which  operates  at  1300,  780  and  890  nm 
wavelengths  is  shown  in  Figure  4. 

Field  Test  Results 

A  schematic  description  of  the  'feeder'  fibers  at 
Heathrow  is  shown  in  Figure  5,  below.  Attenuation 
and  reflection  test  results  from  72  'feeder'  fibers  are 
analyzed  below.  Since  the  FLINT  set  was  used  to 
obtain  these  measurements,  short  wavelength  data 
are  shown  for  the  820  nm  wavelength  only. 
Consequently,  component  and  total  link  loss  must  be 


interpolated  from  the  780  nm  and  890  nm  data 
shown  in  Figures  3  and  4. 

LOSS  DESIGN  CRITERIA 
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Figure  4:  Heathrow  Feeder  Link  Budget 
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Figure  5:  Feeder  Fiber  Configuration 

Attenuation:  A  summary  of  the  measured  attenuation 
results  for  both  1300  nm  and  820  nm  (Figure  6) 
illustrates  that  the  worst  case  design  assumptions 
discussed  above  give  a  reasonable  estimate  of  the 
losses  achievable  in  the  field.  At  1300  nm  the  worst 
case  design  estimate  was  2.7  dB.  Statistical  analysis  of 
the  measured  results  gives  a  mean  of  1.4  dB.  The 
spread  between  the  minimum  and  maximum  was  2.3 
dB  which  reflects  inconsistencies  in  materials  and 
sensitivity  to  installation  methods. 
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Figure  6:  Attenuation  Results  Summary 


Similarly,  at  the  820  nm  wavelength  the  worst  case 
design  assumption  was  7.5  dB.  By  comparison,  field 
test  results  give  a  mean  of  5.0.  The  spread  between 
minimum  and  maximum  was  3.4  dB.  The  higher 
spread  of  the  820  nm  data  compared  to  the  1300  nm 
data  can  be  attributed  to  the  higher  variability  in  the 
optical  performance  of  long-wavelength  components 
and  fiber  at  the  shorter  wavelength.  Although  this 
variability  was  a  major  concern  during  the  system 
design  phase,  these  preliminary  results  give  us  a 
high  degree  of  confidence  that  existing  outside  plant 
construction  practices  and  long  wavelength 
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components  can  be  applied  for  short  wavelength 
transmission. 

The  data  shown  in  Figure  5  represents  loss  in  only 
one  direction.  Since  the  link  must  support 
transmission  in  both  directions  an  important  analysis 
to  consider  is  the  impact  of  the  bidirectionality  on  test 
methods.  Attenuation  measurements  were 
performed  in  both  the  upstream  and  downstream 
direction  on  a  number  of  Heathrow  fiber  links.  As 
expected,  the  results  show  that  loss  can  vary 
significantly  depending  on  which  direction  is 
measured.  Although  the  results  at  1300  nm  are  more 
encouraging  than  those  at  820  nm  in  terms  of 
establishing  a  trend,  we  feel  that  there  are  insufficient 
data  at  this  point  to  draw  strong  conclusions  as  to 
whether  acceptance  testing  for  bidirectional  systems 
can  be  performed  in  one  direction  only.  Further 
analysis  of  this  issue  is  ongoing. 

Reflections:  A  summary  of  the  field-measured 
reflection  results  from  the  same  72  fibers  is  shown  in 
Figure  7  for  the  downstream  and  upstream 
directions.  The  reflection  specification  for  this  fiber 
link  configuration  was  -32  dB.  Although  the  mean  in 
each  direction  is  quite  good,  i.e.  -33.2  dB 
downstream  and  -34.2  dB  upstream,  the  variation  in 
results  measured  in  the’ two  different  directions  would 
seem  to  indicate  that  the  primary,  or  larger, 
reflections  exist  at  the  near-end  of  the  downstream 
measurement,  or  conversely  at  the  far-end  of  the 
upstream  measurement.  This  conclusion  is  drawn 
from  the  fact  that  reflections  close  to  the  source  will 
attenuate  less,  whereas  far-encf  reflections  will  be 
significantly  attenuated  before  they  reach  the 
receiver.  Since  reflection  measurements  are  a 
relatively  new  requirement  for  outside  plant  fiber 
links,  there  are  limited  data  available  from  which  to 
predict  field  performance.  Total  reflections  are,  of 
course,  very  much  a  function  of  individual  component 
performance.  Therefore,  the  ability  of  connectors 
and  splices  to  achieve  the  discrete  component  spec 
of  -40  dB  is  key  to  maintaining  total  link  reflections  at 
an  acceptable  level.  Unlike  link  loss,  where  one  bad 
splice  can  be  compensated  for  by  one  better  than 
average  splice,  several  low  reflecting  splices  will  not 
compensate  for  one  highly  reflective  splice.  It  is, 
therefore,  critical  to  ensure  all  components  in  the  link 
achieve  high  quality  reflection  characteristics,  not 
only  for  bidirectional  links  but  also  for  high  speed 
(gigabit)  links  where  laser  performance  can  be 
degraded  by  high  reflections.  Again,  further  study  of 
the  reflection  characteristics  of  installed  links  is 
ongoing  and  will  be  reported  in  subsequent  papers. 

CflDClUSLOns 

The  analysis  of  72  field  constructed  fiber  links  shows 
that  the  design  objectives  for  bidirectional  loss  and 
reflections  are  realistically  achievable.  State-of-the- 
art  splicing  and  connector  technology  must  be  used 
combined  with  rigorous  attention  to  quality  of 
installation. 
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Figure  7:  1300  nm  Reflection  Summary 


Based  on  these  early  experiences  in  the  construction 
and  testing  of  bidirectional  fiber-to-the-home  links,  a 
number  of  conclusions  and  recommendations  for 
material  improvements  emerge: 

1.  Since  short  wavelength  transmitters  and 
receivers  can  offer  significant  price  advantages  in 
the  near  term,  the  performance  of  link 
components  such  as  fiber,  splices  and  connectors 
should  be  specified  by  manufacturers  at  these 
short  wavelengths. 

2.  Future  bidirectional  and  high  speed  fiber  links  will 
require  low  reflection  characteristics  to  avoid 
optical  cross-talk  and  laser  performance 
degradations.  Since  connectors  and  splices  are 
the  primary  sources  of  reflections,  suppliers  of 
these  components  must  specify  their  reflection 
performance.  Current  experience  indicates  that  a 
maximum  reflection  of  -40  dB  for  individual 
components,  either  factory -installed  or  field 
installed,  will  provide  adequate  performance  tor 
most  bidirectional  fiber  links. 

3.  Due  to  the  lack  of  standards  for  low  loss  and  low 
reflection  connectors,  the  ability  to  mate 
connectors  from  different  manufacturers  is  a 
major  problem  for  system  suppliers  and  the 
network  operators.  It  is  also  clear  that  the  volume 
supply  of  connectors  for  large  scale  fiber-to-the- 
home  projects  does  not  yet  exist. 

4.  The  development  of  cost-effective  test  sets 
capable  of  measuring  individual  component  and 
fiber  link  reflections  is  required. 

5.  Research  into  the  loss  and  reflect*.;  n  performance 
of  bidirectional  links  at  both  luug  and  short 
wavelengths  is  essential  to  establish  practical 
and  reasonably  productive  field  test  methods  and 
equipment. 

6.  Results  from  the  initial  field  tests  showed  that 
several  Heathrow  fiber  links  failed  to  meet  the 
maximum  specifications  for  loss  and/or  reflection. 
Although  the  faulty  components  in  these  links 
were  subsequently  replaced,  this  reinforces  the 
need  for  high  quality  components  and 
construction  methods  in  order  to  meet  subscriber 
loop  link  margins  while  maintaining  a  reasonable 
level  of  productivity. 
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ABSTRACT 

Information  Age  technology  has  begun  to  appear  in 
homes  across  the  U.S.  as  several  local  exchange 
carriers,  working  closely  with  AT&T  and  other 
vendors,  have  begun  placing  fiber  to  residences  in 
preselected  upscale  communities.  AT&T  has 
developed  a  complete  line  of  single-mode  fiber  cables, 
splices,  connectors,  and  closures  to  provide  the  media 
support  for  an  all-fiber  loop.  The  architecture  used  in 
current  fiber-to-the-home  applications  is  much  like 
the  architecture  used  in  copper  distribution.  High 
fiber  count  backbone  cables  are  spliced  to  lower  fiber 
count  laterals  that  branch  out  to  the  residences. 
Service  drop  cables  are  spliced  in  at  subscriber 
property  lines.  Outside  plant  fibers  are  terminated  in 
single-mode  connectors.  Easy  entry  cables,  passively 
aligned  splices,  field-installable  connectors,  and 
reliable  closures  are  all  necessary  components  if  fiber 
ts  to  be  deployed  to  the  last  mile  of  the  loop  on  a 
widescale  basis.  All  of  these  needs  are  met  with 
AT&T’s  current  line  of  fiber-to-the-home  media 
products. 

1.  INTRODUCTION 

Fiber  optic  technology  has  spread  rapidly  through 
the  telephone  network  since  its  introduction  in  the 
late  1970s.  Optical  Tiber  has  become  the 
transmission  medium  of  choice  for  long  distance  and 
metropolitan  trunking  networks;  it  is  currently  being 
deployed  in  more  than  fifty  percent  of  new  digital 
loop  carrier  installations;  and  now,  in  1988,  several 
Local  Exchange  Carriers  in  the  U.  S.  are  installing 
their  first  Fiber-to-the-Home  service  to  residences  in 
several  preselected  upscale  communities.  Many  of 
these  first  applications,  such  as  AT&T's  SEC  Series  5 
Carrier  Fiber-to-ihe-Home  Feature  (Fig.  1.),  use  a 
dedicated  single-mode  fiber  for  each  subscriber  where 
each  subscriber  link  requires  its  own 
optoelectronicsj'l  Since  the  costs  of  the  technology- 
are  not  shared  among  many  subscribers,  the 
challenge  to  media  and  apparatus  designers  is  to 
provide  low  cost,  easily  installable  components  to 
minimize  the  cost  per  subscriber.  These  objectives 
are  met  with  AT&T’s  current  line  of  fiber  to  the 
home  media  products. 


2.  MEDIA  ARCHITECTURE 

2.1  Similarities  to  Copper  Distribution  Design 

The  media  architecture  for  AT&T’s  SLC  Series  5 
Fiber-to-the-Home  feature  is  best  described  as  a  star 
emanating  from  a  remote  terminal  (RT).  The  design 
requirements  are  similar  to  those  used  for  copper 
distribution  plant  engineering.  High  fiber  count 
backbone  cables  typically  fan  out  from  an  RT  and 
are  spliced  to  lower  fiber  count  lateral  cables  which 
run  down  side  streets  to  bring  the  media  to 
subscribers’  front  lot  lines  (for  front  lot  feed)  or 
backyard  property  lines  (for  rear  lot  feed).  Figure  2 
shows  one  spoke  of  a  distribution  network  using  a 
star-type  architecture.  Buried  service  lightguide  or 
aerial  drop  cables  are  spliced  to  the  lateral  cables  to 
complete  the  distribution  to  the  subscriber. 

FIGURE  1.  FIBER  TO  THE  HOME  FEATURE 

ON  SLC"  SERIES  5  CARRIER  SYSTEM 


FIGURE  2.  LIGHTGUIDE  DISTRIBUTION 
ARCHITECTURE 
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2.2  Differences  from  Copper  Distribution  Design 

An  architectural  difference  between  fiber  and  copper 
distribution  design  is  that  the  ali-fiber  design  does 
not  require  a  feeder  distribution  interface  (FDI).  This 
eliminates  a  craft  access  point  and  may  help  reduce 
outside  plant  maintenance  costs. 

The  relative  costs  for  splicing  versus  cable  lead  to 
some  differences  between  fiber  and  metallic 
distribution  design.  Copper  distribution  designs,  for 
example,  rely  heavily  on  tapering  to  reduce  pair 
counts  and  minimize  the  expense  of  cut-dead-ahead, 
or  unusable,  copper  pairs.  Since  copper  splices  are 
relatively  inexpensive  compared  to  copper  cables, 
extensive  tapering  often  results  in  significantly  lower 
cost  installations. 

Fiber  splicing,  of  course,  is  more  expensive  than 
copper  splicing  and  costlier  relative  to  cabled  fiber, 
so  fiber  distribution  area  designs  tend  to  use  less 
tapering  to  minimize  splicing  costs.  The  savings  in 
splicing  costs  often  offset  the  cost  of  the  cut-dead- 
ahead  fiber,  particularly  for  short  distances. 

Figures  3(a), (b),  and  (c)  help  to  illustrate  these 
differences  between  fiber  and  copper  distribution 
area  design.  The  plat  for  a  new  residential 
subdivision  with  115  homes  is  shown  in  Figure  3(a). 
Figure  3(b)  shows  how  this  subdivision  might  be 
served  from  a  subfeeder  800-pair  copper  cable,  with 
tapering  and  branching  on  every  street,  and  a  total 
of  seven  splice  points.  A  cost  optimized  fiber 
solution  is  shown  in  Figure  3(c).  This  fiber  design 
uses  only  two  distribution  splice  points  and  no 
tapering  of  the  lateral  cables  from  which  the  drops 
are  made.  The  elimination  of  some  splices  was 
accomplished  by  using  short  runs  of  parallel  cables. 
Several  operating  companies  have  reduced  the  costs 
on  their  first  applications  by  using  this  approach 
with  parallel  cables. 


FIGURE  3(a). 


TYPICAL  SUBDIVISION  PLAN 


FIGURE  3(b). 
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FIGURE  3(c). 
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S.  WHY  SINGLE-MODE  FIBER  ? 

Over  the  past  few  years,  there  has  been  much 
discussion  about  whether  to  use  multimode  fiber 
(MMF)  or  single-mode  fiber  (SMF)  in  "the  last  n.ile" 
(the  portion  of  the  subscriber  loop  from  tb"  RT  to 
the  subscribers’  homes).  Just  a  short  time  ago, 
single-mode  components  were  very  expensive  relative 
to  multimode  components;  but,  the  gap  in  costs  has 
narrowed.  As  the  cost  of  single-mode  technology  has 
dropped,  the  arguments  for  SMF  have  become  much 
stronger.  SMF  has  less  intrinsic  loss  than  MMF, 
because  it  has  less  doping,  and  it  is  also  more 
resistant  to  added  loss  due  to  bending  and 
environmental  fluctuations.  The  bandwidth  of  SMF 
is  only  limited  by  -the  optical  characteristics  of  the 
laser  or  LED  being  used,  whereas  the  bandwidth  of 
MMF  is  restricted  by  the  fiber  itself.  Finally,  SMF  is 
being  used  in  most  trunk  and  feeder  routes  and, 
furthermore,  may  be  required  for  future  advanced 
lightwave  technologies  like  integrated  optics  and 
coherent  transmission.  For  these  reasons,  AT&T’s 
Fiber-to-the-Home  offering  is  designed  to  use  single¬ 
mode  fiber. 
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4-  CABLE  AND  APPARA  TUS  DESIGNS 

Distribution  area  lightguide  cables  and  components 
must  withstand  a  wide  range  of  installation  and 
environmental  conditions.  Cables  are  installed 
underground  where  temperature  excursions  are  small, 
and  aerially  where  temperatures  can  vary  widely. 
Humidity  extremes  may  be  encountered  because  of 
seasonal  climatic  and  geographical  variations. 
Consistent,  predictable  performance  under  any 
environmental  condition  is  required  of  all  the 
lightguide  media  and  apparatus  used  in  carrying 
fiber  to  the  home.  The  challenge  to  lightguide  media 
and  apparatus  designers  is  clearly  one  of  designing 
rugged,  low  loss  components  at  a  cost  that  will  allow 
widescale  use.  Additionally,  components  should  be 
easy  to  field  install  with  a  minimum  of  craft  training 
and  equipment. 

4-1  Cable  Options 

Even  with  only  moderate  levels  of  tapering  in  fiber 
distribution  area  designs,  cable  sheaths  must  be 
entered  frequently  for  both  mid-span  and  end¬ 
splicing.  Fibers  must  be  readily  accessible.  Cables 
specifically  designed  for  the  last  mile  of  the  loop 
should  incorporate  both  efficient  core  designs  and 
easy  sheath  entry.  AT&T  has  two  lightguide  cable 
core  options  and  a  new  sheath  design  ideally  suited 
for  use  in  the  distribution  plant. 

4-11  Core  Structures 
Ribbon  Cores 

The  ribbon  cable  has  a  high  fiber  density  core  (Fig. 
4a)  with  up  to  144  fibers  in  a  0.6  inch  diameter  cable, 
using  up  to  12  ribbons.  Each  ribbon  includes  12 
individually  color-coded  fibers  for  easy  identification. 
The  histograms  in  Fig.  4(b)  show  the  optical  loss  for 
production  cables  at  1310  nm  and  1550  nm.  The 
ribbon  structure  adds  no  loss  to  the  fiber. 
Temperature  cycling  from  -40  °F  to  +190  ’  F  shows 
no  added  low  temperature  loss  at  1310  nm  and 
negligible  added  loss  at  -40  "F  for  1550  nm  (Fig.  4c). 
The  ribbon  structure  readily  lends  itself  to  mass 
splicing  which  can  result  in  substantial  reduction  in 
installation  times. 


FIGURE  4(a).  RIBBON  CABLE  CORE 
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FIGURE  4(b). 
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FIGURE  4(c). 
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Lightpack*  Cable  Cores 

AT&T’s  second  option  is  the  Lightpack  core  (Fig.  5) 
which  contains  up  to  96  fibers  within  a  0.6  inch 
diameter  sheath.  The  color  coded  fibers  are  bundled 
loosely  with  color-coded  yarns  for  easy  identification. 
There  are  up  to  12  fibers  per  bundle.  Fibers  for  this 
core  option  can  be  individually  spliced  or  made  into 
ribbons  on  the  ends  for  mass  splicing. 


figure  5.  LIGHTPACK  ®  CABLE 
CORE 
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Both  ribbon  and  Lightpack  cores  include  a  water- 
resistant  filling  compound  to  protect  against  water 
ingress. 

4- I  S  Sheath  Designs  These  core  structures  come  in 
a  variety  of  sheath  options  including  standard 
configurations  like  metallic  crossply,  all-dielectric, 
and  rodent  and  lightning  protected.  All  AT&T 
cables  are  designed  so  that  strength  members  are 
external  to  the  core  of  the  cable.  This  type  of  design 
provides  protection  against  microbending  losses  in 
the  fibers  and  insures  optimum  mechanical 
performance. 

A  new  sheath  option  for  the  Lightpack  core  is  the 
LXE,  or  "Lightguide  Express  Entry",  sheath  (Fig. 
6)J2I  This  sheath,  which  was  specifically  designed  for 
distri  dution  cables,  allows  easy  midspan  entry  for 
splicing  service  drops  while  the  remainder  of  the 
fibers  are  expressed  through.  The  Lightpack  core 
tube  is  surrounded  by  a  waterblocking  tape  and  a 
steel  armor.  Two  longitudinal  steel  wires  provide 
tensile  strength,  and  their  placement  opposite  each 
other  along  the  longitudinal  axis  of  the  sheath  makes 
midsheath  entry  convenient,  because  sheath  layers 
can  be  stripped  away  to  expose  the  core  while  leaving 
the  wires  intact.  A  ripcord  facilitates  the  removal  of 
the  steel  armor. 


FIGURE  6.  LIGHTGUIDE  EXPRESS  ENTRY  SHEATH 

I 


I 


4.1.3  Drop  Cables  Either  buried  service  or  aerial 
drop  cables  are  required  to  complete  the  distribution 
to  the  subscriber.  Only  one  fiber  per  drop  is  required 
for  bidirectional  transmission  systems  like  AT&  1  s 
SLC  Series  5  Carrier  Fiber-to-the-Home  Feature. 

>  AT&T’s  drop  cables  are  available  with  either  one  or 

two  color-coded,  buffered  fibers.  Figure  7  shows  a 
cross-sectional  view  of  the  two-fiber  version  of  the 


FIG  TOE  7. 

BURIED  SERVICE  LIGHTGUIDE 


buried  service  lightguide  cable  with  a  metallic  sheath. 
Buffering  is  required  in  the  drops  for  protecting  and 
handling  the  coated  fibers.  Buffering  materials 
should  perform  well  at  low  temperatures  and  should 
be  easily  strippable.  Thermoplastic  polyester  buffers 
outperform  PVCs  in  keeping  added  losses  minimal  at 
temperatures  below  -20  °  C.  Both  thermoplastics  and 
PVCs,  however,  can  be  difficult  to  strip  at  low 
temperatures.  AT&T  has  chosen  a  thermoplastic 
polyester  buffering  material  for  its  excellent  low 
temperature  (-40  °C)  performance.  and  has 
introduced  a  new  laboratory  hand  tool  for  stripping 
that  has  been  successfully  used  on  a  trial  basis  by 
BOC  craft. 

A  variety  of  sheath  options  is  required  for  protecting 
drop  cables,  and  AT&T  currently  offers  a  metallic 
option  with  a  bronze  armor,  a  non-metallic  option, 
and  a  rodent  and  lightning  protected  version.  Since 
the  cables  will  run  along  the  outside  wall  of  the 
subscriber’s  home  to  the  optoelectronics  box,  all  drop 
cables  have  PVC  jackets  rather  than  polyethylene  for 
fire  retardancy,  and  all  have  filled  cores  confined 
within  a  nylon  core  tube. 


5.  SPLICES  A XD  COX.XECTORS 

5  1  Mass  and  Single-Fiber  Sphctng  Techniques 

Splicing  in  fiber-to-the-home  applications  involves 
joining  high  fiber  count  backbone  cables  to  lower 
count  laterals  and  joining  lateral  to  drop  cables  to 
complete  the  distribution.  AT&T  recommends 
mechanical  splicing,  because  it.  can  be  done  quickly 
with  minimal  equipment. 


I 
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5.1.1  Array  and  Rapid  Ribbon  Splices  Mass  splicing 
techniques  are  preferred  for  joining  high  fiber  count 
backbone  cables  to  laterals  and  for  any  tapering  of 
the  laterals.  Mass  splicing  can  be  accomplished  by 
using  factory-installed  silicon  chip  array  splices  or 
field-installed  rapid  ribbon  splices. 

AT&T’s  silicon  chip  array  splice  can  be  applied  to 
either  ribbon  or  Lightpack  fibers  and  allows  cables  to 
be  joined  very  conveniently  in  the  field.  Field 
termination  hardware  protects  the  splices  during 
shipment. 

The  single-mode  rapid  ribbon  splice  (Fig.  8a)  is  field- 
installable  and  ideally  suited  for  mass  splicing 
ribbons  in  the  fieldj3!  It  can  be  used  directly  on 
ribbon  cables  and  also  on  Lightpack  cables  if  the 
individual  Lightpack  fibers  to  be  spliced  are  formed 
into  ribbons,  a  procedure  that  requires  roughly  ten 
minutes  to  perform.  Splicing  two  ribbons  with  the 
rapid  ribbon  splice  requires  about  25  minutes  from 
the  time  the  ribbons  are  accessed  through  the  cable 
sheath  opening.  Laboratory  and  field  splice  loss 
measurements  for  AT&T’s  rapid  ribbon  splices  show 
mean  losses  of  less  than  0.4  dB  (Fig.  8b). 

FIGURE  8(a). 
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Temperature  cycling  between  v40‘F  and  +170°F 
shows  loss  changes  less  than  0.1  dB  from  the  mean 
(Fig  8c). 

FIGURE  8(c). 

SM  RAPID  RIBBON  SPLICE 
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5.1.2  Enhanced  Rotary  Mechanical  Splice  Single¬ 
fiber  splicing  is  required  where  drop  cables  are  joined 
to  laterals,  for  joining  laterals  (generally  where  the 
fiber  counts  are  not  integral  multiples  of  twelve),  and 
for  repairs.  AT&T’s  enhanced  rotary  mechanical 
splice  (ERMS)  (Fig  8a)  is  ideal  for  all  of  these 
applications,  particularly  since  it  requires  no  special 
equipment,  active  alignment,  or  testing.^  The  glass 
plugs  for  each  splice  are  supplied  as  a  continuous 
ferrule  with  a  circumferential  V-groove  and 
alignment  tabs.  To  make  the  splice,  the  mated  plugs 
are  snapped  apart  and  installed  on  the  two  fibers. 
Simple  passive  alignment  tools  allow  the  fibers  to  be 
positioned  with  identical  orientations  inside  the  glass 
plugs  and  rotated  to  their  original  relative  positions. 
The  splice  is  then  secured  with  a  metal  coupler 
sleeve.  The  entire  procedure,  from  the  time  the 
fibers  are  exposed  and  made  available  for  splicing  to 
completion,  with  the  splice  ready  to  place  in  an 

FIGURE  9(a). 
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organizer  tray,  requires  about  5  minutes.  Average 
losses  using  this  completely  passive  alignment 
procedure  are  roughly  0.2  dB.  Blind  splicing  results 
by  BOC  craft  confirm  these  low  average  losses  (Fig. 
Ob).  Even  lower  mean  splice  losses  (0.1  dB  or  less) 
can  be  achieved  by  spending  a  few  additional 
minutes  actively  tuning  the  splice.  Temperature 
cycling  between  -40  °F  and  4-170°  F  for  ERMS 

FIGURE  0(b). 
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splices  that  were  cycled  for  over  nineteen  months 
shows  peak-to-peak  loss  variations  of  0.03  dB  or  less 
(Fig  0c). 

The  distribution  and  drop  cable  splices  must  be 
stored  and  protected  in  closures,  pedestals,  or  aerial 
terminals.  These  are  discussed  later  in  Section  6. 


FIGURE  0(c). 
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5.2  Connectors 

The  outside  plant  fibers  for  AT&T’s  Fibcr-to-t he- 
Home  offering  must  be  terminated  at  the  RT  and  at 
a  distant  terminal  (DT)  on  the  outside  of  a 
subscriber’s  home  with  a  single-mode  connector. 
Single-mode  connector-  should  exhibit  low  insertion 
and  reflection  losses  and  be  easy  to  install  in  the 
field. 


AT&T’s  single-mode  ST®  connector  iS|  (Fig.  10a) 
meets  all  of  these  requirements  and  is  the  connector 
recommended  for  the  SLC  Series  5  Carrier  Fiber-to- 
the-Home  Feature.  The  fibers  are  positioned  in 

FIGURE  10(a). 

ST*  Single  Mode 
Lightguide  Connector 


precision  ceramic  ferrules,  alignment  is  provided  by  a 
split  cylindrical  sleeve,  and  the  fiber  ends  are  held  in 
direct  contact  by  the  spring  load  of  the  coupling 
mechanism.  The  latching  mechanism,  which  uses  a 
ramped  slot,  is  a  twist-lock  design  that  allows 
connections  to  be  made  easily.  The  ST  connector 
can  be  factory  or  field-installed  with  a  mean  loss  of 
less  than  0.4  dB  (Fig  10b).  This  loss  is  stable  with 
temperature  cycling  between  -40  °C  to  +85  °  C  with 
less  than  0.1  <11!  added  loss  (Fig  10c). 


FIGURE  10(c). 
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The  distribution  fibers  in  AT&T’s  Fiber-to-the-Home 
system  are  terminated  in  LGX  (Lightguide  Cross¬ 
Connect)  distribution  shelves  at  the  remote  terminal. 
The  termination  facility  provides  high  density 
interconnect  or  cross-connect  arrangements  for  the 
fibers. 

6.  CLOSURES 

A  variety  of  closures  is  required  for  deploying  fiber  in 
the  loop  distribution  network.  Where  backbone 
cables  are  spliced  to  laterals,  or  where  branching  of 
lateral  cables  must  be  accomodated,  closures  or  aerial 
terminals  with  several  cable  ports  and  multiple  splice 
organizer  trays  are  required.  Lower  splice  capacity, 
multiple-port  buried  service  closures,  pedestal,  and 
aerial  drop  terminals  are  required  for  storing  splices 
(or  possibly  connectors)  where  drop  cables  are  joined 
to  laterals.  Drop  repair  closures  are  required  for 
handling  repair  splices  in  case  the  drop  cables  are 
cut.  AT&T  has  a  full  line  of  closures  to 
accommodate  all  of  these  needs. 

6.1  Distribution  Closures 

The  universal  closure,  which  has  been  used  for 
several  years  for  lightguide  applications,  is  a  two- 
stage.  re-enterable  closure-within-  a-closure.  This  4- 
port  closure  is  well-suited  for  handling  branching 
from  backbone  or  higher  fiber  count  lateral  cables 
and  can  accommodate  both  single-fiber  and  array- 
type  splices.  It  can  be  used  for  in-line  splicing  as  well 
as  butt  splicing  arrangements. 

A  new,  5-port,  re-enterable,  midsize  closure  with 
molded  plastic  parts  is  available  and  is  idea!  for  use 
where  laterals  are  tapered  or  joined  to  backbone 
cables.  This  butt-type  closure  allows  fibers  to  be 
spliced  or  unspliced  fibers  to  he  expressed  through 
the  closure. 

6.2  Distribution/Drop  and  Pedestal  Closures 

A  molded  plastic,  low  count,  buried 
distribution/drop  closure  designed  to  accommodate 
single-fiber  splices  can  be  used  for  low  fiber  count 
branching  and  drop  cable  splicing.  It  is  re-enterable, 
requires  no  encapsulant,  and  can  be  used  in  either 
in-line  or  butt  configurations. 

An  option  to  buried  service  closures  in  the  drop  is 
above  ground  pedestal  closures,  and  AT&T  has  a 
lightguide  pedestal  closure  which  fits  i.i  most 
standard  pedestals  with  at  least  a  six-inch  cross- 
sections.  This  allows  fiber  drop  splices  to  be  stored 
above  ground  for  easy  access. 

AT&T  is  also  developing  a  lightguide  aerial  drop 
terminal  for  use  where  aerial  plant  is  preferred  or 
required.  This  product  is  expected  to  be  used 
extensively  in  rehabilitation  areas  where  fiber  will 
replace  existing  copper  plant. 


6.3  Drop  Repair  Closure 

The  AT&T  drop  repair  closure  is  available  to  restore 
cables  in  the  case  of  digups  in  service  drop  cables.  It 
is  quite  small  (only  18  inches  long)  and  can 
accommodate  up  to  four  single-fiber  splices. 


7  FIBER  TERMINATION  FACILITIES 

For  the  AT&T  SLC  Series  5  Carrier  Fiber-to-the- 
Home  Feature,  the  outside  plant  fibers  must  be 
terminated  at  a  cross-connect  or  interconnect  facility 
inside  the  RT  and  at  the  DT  at  the  subscriber’s 
home.  At  the  RT  end,  the  fibers,  terminated  with  ST 
connectors,  are  housed  in  LGX  (Lightguide  Cross¬ 
Connect)  shelves  capable  of  handling  up  to  72  ST 
connectors  each.  The  LGX  equipment  is  co-located 
with  the  transmission  equipment  in  a  controlled 
environmental  vault.  At  the  DT,  the  drop  cable  fiber 
is  terminated  with  an  ST  connector  and  plugged  into 
the  optical  unit. 


8.  MEDIA  DEPLOYMENT  AND  TESTING 
REQUIREMENTS 

The  typical  sequence  of  steps  for  installation  and 
testing  of  the  outside  plant  lightguide  cable  are  the 
following: 

1.  Cable  Placement 

2.  Fiber  Splicing 

3.  Connectorization 

4.  Completion  Testing 

Some  general  guidelines  which  are  useful  for 
deploying  and  testing  fiber  cables  in  distribution 
areas  follow. 

8.1  Cable  Placement 

No  special  precautions  should  have  to  be  taken  to 
place  fiber  cables  in  distribution  areas.  Standard 
practices  used  in  the  deployment  of  fiber  feeder  are 
also  applicable  in  "the  last  mile".  On-site  inspectors 
should  check  to  see  that  cable  tension  load  ratings 
are  not  exceeded,  that  minimum  bend  radius 
requirements  are  not  violated,  that  neither  the 
maximum  recommended  number  of  turns  nor  the 
maximum  pulling  distances  are  exceeded,  and  that, 
in  general,  recommended  deployment  procedures  are 
being  followed.  Cables  received  for  placement  have 
generally  undergone  extensive  factory  testing  to 
insure  quality,  and  if  they  are  correctly  handled,  the 
cable  integrity  should  be  preserved.  No  special 
testing  should  be  necessary  to  insure  cable  integrity. 
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8.2  Splice  Testing 

Splice  testing  can  be  handled  several  ways, 
depending  upon  the  level  of  detail  that  the  local 
construction  crew  is  expected  to  acquire  from  their 
test  measurements.  The  simplest  test  is  a  continuity 
test  to  merely  insure  that  the  splices  pass  light.  A 
bare  fiber  adapter  can  be  used  to  couple  light  from  a 
source  into  one  end  of  the  fiber,  and  a  fiber  identifier 
can  then  be  used  to  check  for  light  on  either  side  of 
the  splice  (Fig.  11a). 

If  an  approximate  path  loss  measurement,  is  desired 
along  with  a  continuity  test,  then  a  source  could  be 
coupled  through  a  rotary  splice  on  one  end  of  the 
fiber,  and  a  power  meter  could  be  used  to  take  a 
measurement  at  the  other  end  (Fig.  lib). 

The  most  detailed  level  of  splice  testing  would 
require  an  OTDR;  this  would  allow  continuity,  path 
loss,  and  individual  splice  loss  to  be  determined  (Fig 
lie).  Multimode  OTDRs  can  be  used  very  effectively 
in  this  part  of  the  loop,  because  the  distances  are 
short,  and  the  narrow  pulse  widths  allow  better 
resolution  of  pulses. 

FIGURE  11 

TESTING  SEQUENCE 


(a) .  CONTINUITY  SPUCE  1 

— - r=~ — 

SOURCE  |  | 

BARE  FIBER  FIBER 

ADAPTER  IDENTIFIER 

(b) .  PATH  LOSS  (APPROXIMATE) 

*-i  - - n0c — — 

SOURCE 


SPUCE  2 

f®T 


(c).  INDIVIDUAL  CABLE  AND  SPUCE  LOSS  (ONE-WAY) 


a)  SMOTDR  w  EPMS 

D)  MMOTOR  w  BARE  FIBER  ADAPTER 


8.8  Completion  Testing 

Completion  testing  is  performed  when  both  ends  of 
the  outside  plant  fibers  are  terminated  in  connectors. 
This  generally  requires  that  the  RT  and  DT  be  in 
place.  For  systems  employing  multiple  wavelengths, 
completion  testing  is  recommended  at  all  expected 
operational  wavelengths.  Two-way  path  loss 
measurements  should  be  taken  with  appropriately 
connectorized  test  leads  on  the  instruments.  This 
should  result  in  an  accurate  end-to-end  path  loss 
measurement. 

9.  FIRST  APPLICA  TIONS  OF  FIBER-TO-THE- 
HOME  USING  AT&T'S  MEDIA  AND 
OPTOELECTR  ONICS 

AT&T  has  been  working  to  support  several  operating 
companies,  among  them  New  Jersey  Bell,  South 
Central  Bell,  Southwest  Bell,  Contel,  and  GTK,  in 


first  applications  where  fiber-to-the-home  is  initially 
carrying  POTS  only  services  in  1988.  The 
architecture  is  designed  to  allow  a  graceful  upgrade 
to  wideband  services. 

The  experiences  gained  in  working  on  these 
installations  have  allowed  both  AT&T  and  the 
operating  companies  to  gain  first-hand  knowledge 
about  fiber  distribution  area  design,  deployment  and 
testing  strategies,  and  desirable  product  features  that 
will  make  fiber-to-the-home  installations  as  economic 
and  easy  as  possible.  Installations  have  run  relatively 
smoothly,  schedules  have  been  met,  and  subscribers 
whose  homes  are  among  the  first  to  receive  service 
over  fiber  have  been  watching  the  operations  with 
enthusiasm. 

10.  CONCLUSIONS 

Fiber  optic  technology  has  spread  rapidly  through 
the  telephone  network  since  its  introduction  in  the 
late  1970s.  Media  and  apparatus  manufacturers  have 
worked  aggressively  to  reduce  the  costs  of  fiber  optic 
components.  If  the  rapid  and  widespread  acceptance 
and  deployment  in  earlier  fiber  markets  is  any 
indication,  and  if  media  and  component 
manufacturers  are  able  to  further  reduce  the  costs  on 
the  cable,  apparatus,  and  hardware  necessary  to 
complete  fiber  distribution  systems,  it  is  likely  that 
fiber  will  be  deployed  aggressively  in  residential 
areas.  Subscribers  are  looking  forward  to  new 
offerings,  and  operating  companies  are  eager  to  be 
able  to  provide  them.  First  applications,  such  as  the 
ones  currently  underway  in  1988,  are  just  the 
beginning.  The  challenge  to  designers  continues  to 
be  to  design  and  construct  fiber  optic  subscriber 
systems  as  economically  as  possible  and  to 
incorporate  into  the  designs  features  that  will 
minimize  maintenance  and  operations  expenses. 
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A  NEW  INSTALLATION  METHOD  FOR  CONVENTIONAL  FIBRE 
OPTIC  CABLES  IN  CONDUITS 


W.  Griffioen 

PTT,  dr.  Neher  Laboratories 
Leidschendam 
the  Netherlands 


Abstract 

A  new  technique  for  the  installation  of 
conventional  fibre  optic  cables  in  commonly  used 
conduits  using  the  viscous  flow  of  air  is 
decribed .  Blowing  experiments  have  been  carried 
out,  using  different  cables,  conduits  and 
lubricants .  For  better  understanding  also  pulling 
experiments  with  conduits  having  different 
tortuosities  and  supporting  laboratory  experiments 
have  been  performed .  The  non  linear  pressure  decay 
in  the  tube  in  which  the  cable  is  blown  is 
experimentally  verified.  Furthermore  a  simple 
experiment  for  measuring  the  cable  stiffness  is 
described .  With  one  installation  unit  1  km  fibre 
optic  cable  can  be  installed  with  speeds  up  to 
1  m/s.  Even  36  right  angled  curves  in  the  conduit 
can  be  passed.  In  less  than  one  hour  a  reel  with 
2100  m  fibre  optic  cable  can  be  installed  using 
the  installation  units  in  cascade,  without 
synchronisation  problems.  This  means  that  longer 
cables  can  be  installed  in  the  future.  The 
described  method  is  very  simple  because  for 
instance  no  pulling  ropes  have  to  be  installed. 
Furthermore  the  cable  strain  can  be  kept  low. 
Halfway  1988  1000  km  fibre  optic  cable  have  been 
installed  in  the  public  network  of  the  Netherlands 
using  the  described  method,  considerably  saving 
man  and  time. 

Introduction 


The  old  installation  method 

In  many  countries  fibre  optic  cables  are 
pulled  in  pre-installed  conduits.  The  puiling 
force  is  fully  concentrated  at  the  cable  end 
there.  It  is  well  known  that  with  this  technique 
an  exponential  build  up  of  the  pulling  force 
occurs  due  to  the  cable  tension,  especially  on 
tortuous  routes  In  some  countries  conduits  with 
an  inside  diameter  of  only  26  mm  (cheap!)  are 
used.  The  only  disadvantage  of  these  conduits  is 
the  fact  that  without  special  precautions  the 
windings  give  rise  to  a  quick  build  up  of  the 
pulling  force,  necessary  to  install  the  cable 
(appendix  1).  To  reduce  excessive  forces  on  the 
cable,  capstans  are  used  for  intermediate 
assistance.  For  the  small  diameter  conduit  ,  as 
are  used  in  the  Netherlands,  the  most  economic 
distance  between  those  capstans  is  175  m  for  the 
installation  of  a  reel  of  2100  m  fibre  optic 
cable . 


t'C. 


figure  1:  pulling  1050  m  of  fibre  optic  cable  with 
the  help  of  capstans  and  a  bufferreel 
(Netherlands  PTT,  before  1988) 

In  figure  1  the  old  installation  method,  as 
formerly  used  by  the  Netherlands  PTT,  is  shown. 
The  reel  is  placed  halfway.  In  three  175  m 
sections  the  pulling  rope  is  installed  by  means 
of  a  shuttle  driven  by  compressed  air.  The  cable 
is  pulled  with  a  winch  assisted  by  two  capstans. 
Next  the  winch  is  placed  at  the  far  end  of  the 
traject  and  the  pulling  rope  is  installed  in  the 
next  three  sections.  Now  the  pulling  takes  place 
with  the  help  of  five  capstans.  When  the  first 
1050  m  is  installed  the  rest  of  the  reel  is 
rewound  on  a  special  buffer  ("van  den  Akker" ) 
reel.  Now  the  next  1050  m  can  be  installed  in  the 
same  way  as  described  above  (this  part  of  the 
installation  is  shown  in  figure  1). 

It  is  clear  that  this  installation  method  is 
man  and  time  consuming.  For  this  reason  and  for 
the  need  to  install  cable  lengths  longer  than  2100 
m  in  the  future,  another  installation  method  is 
searched  for. 

The  new  installation  method 

The  previously  mentioned  exponential  build  up 
of  the  pulling  force  can  be  prevented  when  the 
cable  tension  is  kept  low.  This  can  be  achieved 
when  the  friction  between  cable  and  conduit  is 
compensated  locally,  i.e.  when  the  pulling  force 
is  distributed  along  the  whole  cable  length  Tn 
that  case  each  conduit  can  be  considered  straigth 
for  flexible  cables  Cassidy  et  al.  have  found 
an  elegant  method  for  reaching  this.  Thev  blow 
very  small,  flexible  and  lightweight  fibre  members 
(designed  for  use  inside  buildings)  into  conduits 
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without  the  use  of  a  shuttle  at  the  cable  end.  The 
force  F/l  exercised  on  the  cable  per  unit  of 
length,  when  the  pressure  drop  at  the  cable  inlet 
is  compensated  mechanically,  can  be  written  as 


F/l  -  -  ^ 

dz 


*  ^cah  *-*cond 


(1) 


where  dp/dz  is  the  pressure  gradient  along  the 
conduit,  and  rcab  and  rco[ld  are  the  outer  radius 
of  the  cable  and  the  inner  radius  of  the  conduit 
respectively. 

In  this  contribution  a  scaling  up  of  this 
method  is  described  which  can  be  used  for 
conventional  fibre  optic  cables.  The  cables  do  not 
need  to  be  flexible,  in  fact  a  certain  stiffness 
is  advantageous.  In  that  case  the  cables  can  be 
pushed  over  a  certain  distance  which  is  a  useful 
assistance  because  of  a  relatively  low  pressure 
gradient  in  the  first  part  of  the  conduit  3.  In 
appendix  2  measurements  have  been  carried  out  in 
order  to  verify  the  non  linear  pressure  decay  in 
the  conduit.  The  stiffness  of  the  cable  must  be 
such  large  that  pushing  of  the  cable  causes  not 
too  much  buckling.  On  the  other  hand  the  stiffness 
of  the  cable  may  not  be  too  large  because  then  the 
cable  experiences  too  much  friction  with  the 
conduit  in  curves  and  windings  of  the  conduit.  A 
good  choice  for  the  stiffness  B  of  the  cable  can 
be  derived 


8  a(P/4)2  „  „  2  U( P/4)4 

~3  '  - A -  V  -  3  A - 

*  r 


(2) 


where  W  is  the  cable  weight  per  unit  of  length,  A 
and  P  are  the  (estimated)  amplitude  and  period  of 
the  (sine  shaped  assumed)  windings  in  the  conduit 
respectively,  Fp  is  the  pushing  force  and  a  is  the 
half  free  radial  space  (rcond-rcd))  of  the  cable 
in  the  conduit.  This  relationship  has  of  course 
only  sense  when  Fp  may  have  values  such  that  it 
effects  the  installation  of  the  cable.  Most  fibre 
optic  cables  forfill  inequalty  2.  In  appendix  3  a 
simple  experiment  for  measuring  the  cable 
stiffness  is  described.  It  can  be  shown  that  for 
a  situation  which  is  typical  for  the  cable  and 
duct  combination  of  the  Netherlands  PTT,  the 
additional  pushing  force  can  double  the 

installation  length  that  can  be  reached  by  cable 
blowing. 

In  figure  2  the  new  installation  method  is 
shown.  The  2100  m  reel  is  placed  at  one  end  of  the 
traject.  Four  special  developed  dismountable  cable 
injection  units  can  operate  in  cascade  with  a  most 
economic  intermediate  distance  of  525  m  and  the 
whole  cable  reel  is  installed  in  this  simple 
single  operation,  eliminating  the  installation  of 
pulling  ropes  and  the  need  for  a  bufferreel. 


Compressor  Compressor 


figure  2:  Blowing  2100  m  of  fibre  optic  cable 
using  the  injection  units  in  cascade 
(Netherlands  PTT,  after  1987) 


The  Injection  unit 


figure  3:  The  first  prototype  of  the  injection 
unit 


A  special  cable  injection  unit  has  been 
developed  and  is  shown  in  figure  3.  The  airflow 
and  all  the  other  functions  can  be  supplied  by  a 
simple  compressor  (75  1/s,  8  bars),  which  was 
formerly  used  for  the  installation  of  the  pulling 
rope.  The  unit  consists  of  two  parts  that  can  be 
mounted  together  in  such  a  way  that  it  will  be 
possible  to  use  several  units  in  cascade.  The 
compensation  of  the  pressure  drop  along  the  cable 
inlet  and  the  additional  pushing  force  are 
supplied  by  grooved  hollow  wheels  driven  by  a 
pneumatic  motor.  These  wheels  are  pushed  against 
the  cable  by  means  of  pneumatic  pistons  (not  shown 
in  figure  3)  so  that  small  variations  in  cable 
diameter  can  be  tolerated.  The  pneumatic  motor  can 
be  stopped,  just  by  holding  the  cable,  also  when 
lubricants  are  used.  This  is  a  great  advantage 
when  the  cable  injectors  operate  in  cascade.  The 
installation  speed  is  controlled  by  the  unit  with 
the  lowest  setting  of  the  pressure  regulator  for 
the  pneumatic  motor.  For  protection  of  the 
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Injection  units  In  cascade  and  for  reasons  of 
safety,  a  'funnel'  for  the  exhaust  of  the  airflow 
(not  shown  in  figure  3)  has  been  developed  for 
operation  together  with  the  injection  units. 

Results 

It  turned  out  to  be  possible  to  install 
cablelengths  with  a  maximum  of  1  km  in  conduits 
with  an  inner  diameter  of  26  mm  using  one  single 
installation  unit,  while  speeds  up  to  1  m/s  were 
reached  when  using  standard  cables.  Using  cables 
with  ribbons  on  their  jackets  or  40  mm  inner 
diameter  conduits  the  performance  even  increases. 
For  the  latter  application  a  compressor  with  a 
maximum  pressure  of  8  bars  and  a  capacity  of  130 
1/s  is  needed,  while  for  smaller  conduits  smaller 
compressors  are  sufficient.  The  independency  of 
curves  and  windings  in  the  conduit  is  clearly 
shown  during  a  test  in  an  extremely  tortuous 
circuit.  In  this  circuit,  which  has  a  length  of 
420  m  and  in  which  there  are  9  right  angled  curves 
and  windings  equivalent  to  27  right  angled  curves, 
a  cable  is  installed  using  the  described  method. 

Several  lubricants  have  been  tested  for  the 
blowing  method  as  a  possible  alternative  for 
paraffine  oil.  The  lubricants,  two  types  2  and  one 
type  3  (see  appendix  1),  gave  rise  foaming, 
were  dried  by  the  airflow  or  caused  the  cable  to 
'stick'  to  the  conduit  wall  because  of  their  high 
viscosities.  Pipe  3  with  lubricant  4  (see  appendix 
1)  gave  satisfactory  results,  however,  only  800  m 
was  available  as  a  testlength.  Until  now  paraffine 
oil  is  the  best  solution.  It  is  sufficient  to  pour 
about  one  liter  of  the  latter  in  the  conduit 
before  connecting  the  installation  unit.  The 
paraffine  oil  will  be  distributed  through  the 
conduit  by  the  airflow  and  the  cable  doesn't  need 
to  be  lubricated. 

In  an  experiment  in  which  500  m  of  26  ram 
inner  diameter  conduit  was  already  filled  with  a 
cable,  an  attempt  has  been  made  to  install  a 
second  cable  using  the  blowing  technique.  This 
installation  was  possible  in  the  first  part  of  the 
conduit  but  stopped  after  280  m. 

In  the  public  network  2100  m  fible  optic 
cable  can  be  installed  in  less  than  one  hour  using 
four  installation  units  in  cascade.  Occasionally 
also  cables  with  a  length  of  3150  m  have  been 
installed  using  the  blowing  method.  Halfway  1988 
more -than  1000  km  of  fibre  optic  cables  have  been 
installed  in  the  public  network  of  the  Netherlands 
using  the  described  method,  considerably  saving 
man  and  time.  The  old  pulling  method  has  now  been 
abandoned . 


Conclusions 


during  the  installation  of  the  conduits.  For 
lubrication  it  is  sufficient  to  pour  a  small 
amount  of  paraffine  oil  in  the  conduit  before 
connecting  the  installation  unit  while  the  cable 
doesn't  need  to  be  lubricated.  The  installation 
units  can  be  easily  used  in  cascade  with 
intermediate  distances  only  dependent  on  the 
properties  of  the  cable,  conduit  and  lubricant 
used,  and  almost  independent  of  curves  and 

windings  in  the  conduit  sections.  There  are  no 
synchronisation  problems  when  several  units  are 
used  in  cascade.  This  means  that  there  is  nc  limit 
for  the  cablelength  that  can  be  installed,  so  that 
longer  lengths  and  hence  less  splices  in  the 
future  are  possible.  The  possibilities  of  the 
described  installation  method  can  further 
when  special  cables  (optimised  for  blowing  instead 
of  pulling)  and  lubricants  are  used.  It  is 
possible  to  install  more  than  one  cable  in  a 
conduit  (not  necessary  in  the  same  time)  for  short 
distances.  This  might  add  some  applications  to  the 
described  method,  such  as  local  networks  and 
unforeseen  expansions  of  the  trunk  network. 
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conventional  fibre  optic  cables  as  is  described  in 
this  contribution  is  a  quick  and  simple  method, 
eliminating  the  extra  step  of  installing  a  pulling 
rope.  The  cable  strain  is  kept  low  during 
installation.  Long  lengths  can  be  installed  per 
installation  unit  in  both  straight  and  tortuous 
routes  so  that  cheap  conduits  can  be  used  without 
paying  special  attention  to  reduce  the  windings 
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Appendix  1:  The  effect  of  conduit  windings  on 
pulling  force  build  up 

In  order  to  calculate  the  effect  of  windings 
in  a  duct  traject  Buller's  formula  is  used  in 
combination  with  a  formula  that  gives  the 
effective  angle  per  unit  of  length  tf.tf/l  for  a 
given  conduit  geometry  , 

F2  -  WR  sinh  [fS  +  arcsinh  (FX/WR) ] 

«.lf/l  -  1/R.tf  -  4*A/P2  (3) 

This  formula  gives  the  pulling  force  F2  as  a 
function  of  the  force  Ft  of  the  cable  when 
entering  the  conduit  at  certain  cableweight  per 
unit  of  length  W  and  bending  radius  of  the  conduit 
R.  In  the  second  part  of  the  formula  R>ft  is  an 
effective  bending  radius  of  a  tortuous  conduit 
with  (sine  shaped)  windings  of  amplitude  A  and 
period  P. 


figure  4:  Field  experiment  for  measuring  the  effect 
of  defined  windings . 


The  formula  which  gives  the  effective 
tortuosity  in  an  angle  per  unit  of  length  has  been 
verified  in  a  field  experiment  with  horizontally 
'sine  shaped'  conduits  (figure  4).  Conduits  with 
an  inside  diameter  of  26  mm  and  a  length  of  105  m, 
having  windings  with  amplitudes  of  7.5  and  15  cm 
and  periods  of  2,  3  and  4  m  were  used.  From  the 
measured  forces  before  and  after  the  conduit  in 
which  the  cable  is  pulled  with  a  speed  of  about  20 
m  per  min,  the  friction  coefficients  can  be 
derived  using  formula  3. 
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figure  5:  Laboratory  equipment  for  the 
determination  of  the  friction 
coefficient  between  cable  and  conduit. 


In  figure  5  an  equipment  for  the 
determination  of  the  friction  coefficient  between 
cable  and  conduit  is  shown  in  which  the  cable  is 
pulled  through  a  270  degrees  section  of  a  conduit 
around  a  120  cm  diameter  wheel.  The  cable  is 
pulled  with  a  non  controllable  velocity  of  12  cm 
per  minute.  The  pulling  force  measured  by  a 
loadcell  is  monitored  on  a  x/t-recorder .  The  cable 
is  pulled  with  several  contraweights  attached  at 
the  other  fend.  The  friction  coefficient  is 
calculated  using  a  formula  which  can  be  derived 
analogously  to  the  formulas  derived  for  vertical 
90  degrees  sections  In 

F2  -  WR.  [2f.ef-3/2,,-(l-f2)]/(l+f2) 


Cable  1:  Friction  coefficient  f  between  cable  and 
conduit t  using  paraffine  oil  as  a 
lubricant ,  derived  using  formula  3.  F  is 
the  load  at  the  inlet  side. 

When  the  forces  are  low,  not  only  the 
accuracy  of  the  measured  forces  is  low  but  also 
the  cable  stiffness  plays  an  important  role.  This 
causes  measured  friction  coefficients  in  that 
region  that  are  higher  than  in  reality,  as  can  be 
seen  in  the  left  and  upper  part  of  table  1. 
Carrying  thc'-c  things  in  mind  a  friction 
coefficient  of  roughly  0.25  is  found  which  is  in 
agreement  with  the  value  derived  from  laboratory 
measurements . 


figure  6:  Example  of  the  measured  force  necessary 
to  pull  the  cable  through  the  conduit 
around  the  wheel  as  a  function  of  time 
for  different  contraweights  (represented 
by  the  numbers  near  the  recorder  traces 
in  kgf) . 

In  figure  6  a  typical  example  of  a  recorder 
trace  of  a  measurement  of  the  friction  coefficient 
is  shown.  The  'wiggles'  in  this  recorder  trace  can 
be  explained  as  a  result  of  a  combined  effect  of 
elasticity  and  inertia  of  the  whole  experimental 
setup  .  The  results  shown  in  table  2  are  obtained 
using  the  peak  values  ot  the  recorder  traces  which 
can  be  considered  to  be  the  static  friction 
coefficients.  It  is  worth  noting  that  not  all  the 
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recorder  traces  look  the  same,  for  Instance  the 
water  based  lubricant  doesn't  show  ’wiggles'. 


contravelght  (kgF) 

5.0  9.86  15.0  27.0  33.0  40.2 

pipe  1,  dry 

plp«  2,  dry 

pip e  1,  lubricant  1 

pipe  2,  lubricant  1 

pipe  1,  lubricant  2 

pipe  1,  lubricant  3 

pipe  3,  lubricant  4 

0.29  0.29  0.30  0.29 

0.27  0.28  0.29  0.28 

0.28  0.28  0.27  0.26  0.25 

0.27  0.23  0.26  0.27  0.23 

0.16  0.17 

0.20  0.21 

0.23  0.22  0.21 

table  2:  Measured  (static)  friction  coefficients 
between  cable  (standard  Netherlands  PTT) 
and  several  conduits  lubricated  with 
several  lubricants  using  formula  4.  Pipe 
1  and  2  are  standard  HOPE  pipes  wich  an 
inner  diameter  of  26  torn,  while  pipe  3  has 
longitudinal  ribbons.  Lubricant  1  is 
ordinary  paraffine  oil,  2  is  a  water 
based  lubricant ,  3  is  a  lubricant  based 
on  triglycerine  of  eatable  fat  acid 
modificated  by  yellow  amber  acid  and  4  is 
a  mixture  of  a  silicon  based  lubricant 
and  microspheres . 


Append 1*  2 :  Measurements  of  the  pressure  decay 
along  the  conduit. 


The  pressure  decay  along  the  conduit  is  not 
linear  because  the  flow  cannot  simply  be 
considered  incompressible  in  the  pressure  regime 
covering  almost  one  order  of^  magnitude.  This 
pressure  decay  is  calculated  in 


,  \  /  T~,  2  27  jP  ... 

P(x)  -  /  P0  -<P0  -Px  )•  i  (5) 

with  p(x)  the  (absolute)  pressure  at  distance  x 
from  the  air  supply.  The  (absolute)  pressures  at 
the  air  supply  side  and  at  the  exhaust  side  of  the 
conduit  with  length  1  are  p„  and  px  respectively. 
In  order  to  verify  this  formula  measurements  have 
been  carried  out  using  conduits  with  different 
tortuosity  ranging  from  about  3  to  30  degrees  per 
meter.  The  results  in  figure  7a  are  obtained  by 
forcing  an  airflow  through  respectively  4,  5  and  7 
pipes  in  cascade.  These  26  mm  inner  diameter  pipes 
are  roughly  105  m  long  and  measurements  are 
carried  out  in  the  sequence  of  both  increasing  and 
decreasing  tortuosity.  The  pressure  is  measured 
at  the  connections  of  the  pipes. 

The  results  shown  in  figure  7 a  agree  quite 
well  with  the  calculated  curve,  bearing  in  mind 
the  following  things.  After  starting  the 
compressor  it  took  about  one  hour  before 
equilibrium  was  reached.  This  can  be  caused  by  the 
warming-up  of  the  compressor,  the  setting  of  a 
stationary  temperature  decay  along  the  pipes 
(after  some  time  the  pipe  right  behind  the 
compressor  feels  warm,  while  after  100  m 
underground  it  feels  unchanged).  Another  cause  can 
be  the  condensation  and/or  the  evaporation  of 
water  in  the  expanding  and  cooling  flow.  All  the 
mentioned  effects  as  well  as  the  effect  of 
different  tortuosities  did  not  cause  a  significant 
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figure  7a:  Pressure  (relative  to  atmospheric 
pressure)  pttl  as  a  function  of  the 
normalised  distance  x/1  from  the  air 
supply.  The  solid  curve  is  calculated 
for  a  (relative)  pressure  of  8.1  bars 
at  the  inlet  side  of  the  pipes  using 
formula  5.  The  dashed  line  represents 
a  linear  pressure  decay.  The  open 
circle,  triangle  and  square  symbols 
are  measured  at  a  total  pipe  length  ol 
4 20,  525  and  735  m  respectively  with 
increasing  tortuosity  in  the  flow 

direction .  The  solid  circle  and  square 
symbols  have  been  obtained  from 

measurements  in  the  reversed  direction 
at  a  total  pipe  length  of  620  and  735 
m  respectively . 


P 

rel 
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difference  between  measurements  and  theory. 

The  pressure  gradient  dp/dx  can  be  derived 
from  the  calculated  curve  in  figure  7 a  and  is 
shown  in  figure  7b.  In  the  first  part  of  the  pipe 
this  pressure  gradient,  which  is  proportional  to 
the  force  of  the  airflow  acting  on  the  cable,  is 
almost  twice  as  low  as  the  pressure  gradient  for 
the  case  of  a  linear  assumed  pressure  decay.  In 
the  last  part  of  the  pipe  the  pressure  gradient  is 
almost  one  order  of  magnitude  larger  than  In  the 
first  part.  Because  in  most  duct  routes 
(especially  in  tortuous  ones)  the  ’overforce'  at 
the  exhaust  side  of  the  conduit  can  not  reach  the 
shortcoming  at  the  alrsupply  side  of  the  conduit, 
the  cable  blowing  can  be  largely  improved  when  an 
extra  pushing  force  is  applied  at  the  cable  by  the 
injection  unit. 
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dP/dx 


figure  7b:  Quotient  of  the  pressure  gradient 
dp/dx,  calculated  using  formula  5  for 
a  (relative)  pressure  of  8.1  bar  at 
the  inlet  side  of  the  pipe,  and  the 
pressure  gradient  (dp/dx)i  for  a 
linear  assumed  pressure  decay  as  a 
function  of  the  normalised  distance 
x/1  from  the  air  supply. 


Appendix  3 :  A  simple  experiment  for  measuring  the 
cable  stiffness. 


Applying  a  bending  moment  to,  and  measuring 
the  curvature  of  a  cable  is  a  way  in  obtaining  its 
stiffness.  A  much  more  simple  method  is  measuring 
the  sag  of  a  clamped  piece  of  cable  as  a  function 
of  the  weight  of  the  mass  attached  at  the  end  of 
it. 


F 

figure  8:  Schematic  view  of  the  clamped  piece  of 
cable . 

The  sag  is  measured  with  the  help  of  a 
displacement  gauge.  In  order  to  eliminate  the 
force  on  the  piece  of  cable  exercised  by  this 
displacement  gauge  (0.5-0. 8  N)  the  situation  of 
first  electrical  contact  of  the  pin  of  the  gauge 
and  a  piece  of  copperfoil,  attached  at  the  end  of 
the  cable,  is  measured. 


The  stiffness  B  is  defined  as  the  deriviate 
of  the  bending  moment  M  with  respect  to  the 
curvature  k.  For  a  small  sag  (y'«l)  this 
curvature  is  equal  to  y*  * .  Using  boundary 
conditions  y(l)-y'(l)-0  this  curvature  can  be 
expressed  with  the  sag  Ay-y(0)  of  the  cable  end 

k-^-5  (6) 

r  i 

Because  in  the  case  of  an  elastic  cable  k  as  well 
as  M  are  proportional  to  x  the  value  of  B  can  be 
derived  from  the  slope  of  M  against  k  at  for 
instance  x-1.  When  the  cable  is  not  elastic  but 
shows  a  behaviour  as  in  the  transition  from 
elastic  to  inelastic  behaviour  occurs  first  at  x-1 
and  translates  to  smaller  x  values  when  larger 
masses  are  attached  to  the  piece  of  cable.  This 
causes  a  smoothing  of  the  mentioned  transition. 
For  the  installation  of  the  cable  using  the 
viscous  flow  of  air  only  the  elastic  behaviour  of 
the  cable  is  of  importance  (worst  case  estimation 
),  so  this  smoothing  causes  no  problems. 


standard  Netherlands  PTT  fibre  optic 
cable . 


The  measurements  must  be  done  using  cable 
lengths  and  weights  in  such  a  way  that  y'  remains 
much  smaller  than  1  and  that  the  transition  from 
elastic  to  Inelastic  behaviour  is  shown  in  the 
results.  The  results  from  the  standard  Netherlands 
PTT  fibre  optic  cable  (9.5  mm  diameter,  6  fibres) 
are  shown  in  figure  9.  The  transition  from  elastic 
to  inelastic  behaviour  is  clearly  shown  in 
measurements  using  a  20  cm  piece  of  cable.  For 
comparison  measurements  with  a  10  cm  piece  of 
cable  are  shown  resulting  in  the  same  slope  in  the 
elastic  region.  The  cable  stiffness  B  in  this 
example  can  be  found  from  figure  9  and  is  roughly 
0.9  Nm2  in  the  elastic  region.  This  stiffness  is 
mainly  due  to  the  aluminium  waterbarrier  of  the 
cable . 
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1.  ABSTRACT 

Present  optical  fibers 

and 

cables 

industrial 

manufacturing  conditions 

are 

mainly 

oriented 

according  to  long  haul  and  trunk  networks  needs. 
Anticipated  development  of  local  video¬ 
communication  broadband  networks  calls  for  new 
technical  and  economical  progress  in  order  to  meet 
the  low  cost  and  mass  production  challenge 
presented.  Multipulling  and  cabling  in  line 
process  (MCL)  brings  one  innovative  contribution 
towards  this  goal.  After  prior  feasability 
demonstration,  the  first  real  size  prototype  of  an 
industrial  MCL  machine  has  been  realized.  The 
article  describes  its  objectives  and  technical 
features  enabling  to  perform  in  one  step  the 
simultaneous  pulling  and  cabling,  at  speeds  up  to 
100  m/min,  of  5  fibers  in  a  V-grooved  structure, 
with  possible  extension  to  other  types  of  fiber 
modules.  Sir. pie  and  reliable  operation  is  granted 
by  an  original  accumulation  system  allowing 
dynamic  intermediate  storage  of  several  fiber 
kilometers.  Resulting  new  approach  concerning 
fibers  and  cable  testing,  quality  control  and 
yield  is  ultc  discussed. 


2.  INTRODUCTION 

Since  the  introduction  of  optical  transmission 
technology  more  than  10  years  ago,  the  goals  and 
evolution  process,  as  regards  fibers  performance, 
specifications  and  industrial  organisation  have 
been  primarily  guided  by  the  needs  of  long  haul  or 
trunk  networks.  These  have  seen  a  continuous  and 
fast  increase  of  both  transmission  unreapetered 
spans  and  bit  rates  justified  by  communication 
requirements  and  new  possibilities  brought  by  the 
upgrading  of  fibers  and  other  components. 
Presently  some  remarkable  achievements  have  been 
reported  . 

In  this  respect  a  -a.'  icul.-r  a  .  .ention  has  been 
focused  on  transmission  c..-.  -=.c-  eristics.  First, 
with  multimode  fine  .  ..  ^.evclc  .  ent  works  have  been 
largely  applied  to  ir.uex  profile  and  resulting 
bandwidth.  Then,  the  orientation  being  shifed 
towards  single  mode  fibers,  the  main  fields 
of  interest  became  optimisation  of  loss  and 


dispersion  near  theoretical  limits,  improvement 
of  bending  and  microbending,  together  with 
mastering  of  geometrical  tolerances  in  view  of  low 
loss  splicing. 

Furthermore,  special  efforts  t^ave  been  devoted  to 
fibers  mechanical  strength  ,  necessary  when 
considering  long  term  reliability  level  required 
for  long  haul  terrestrial  or  submarine  links 
representing  strategic  aspects  for  telco 
organizations. 

One  practical  and  important  consequence  of  this 
evolution  is  the  fact  that  present  fiber 
manufacturing  conditions  are  probably  not 
economically  optimized  as  regards  production  yield 
on  a  global  basis. 

Both  requirements  of  top  grade  fibers  and 
remaining  limitations  in  technical  possibilities 
of  state  of  the  art  manufacturing  and  control 
processes  result  in  a  significant  percentage  of 
produced  fibers  being  unsuitable  for  integration 
in  long  haul  or  trunk  cables.  Unfortunately,  the 
present  state  of  the  market  does  not  make  it 
possible  to  use  these  lower  grade  fibers  for  less 
stringent  applications  which  are  not  yet  widely 
developed. 

Furthermore,  the  efforts  applied  by  fiber 
manufacturers  in  order  to  improve  technico- 
economica .  efficiency  are  mainly  leading  to  ever 
more  sophisticated  and  hAgh  investment-consuming 
preform  and  drawing  processes,  justifying  large 
scale  and  specialized  production  facilities. 
However  one  can  today  seriously  raise  the  question 
of  whether  the  future  of  optical  fibers  needs  a 
new  approach  in  terms  of  types  of  applications, 
corresponding  goals  and  industrial  organization. 


3.  EVOLUTION  OF  OPTICAL  FIBER  APPLICATIONS 

On  one  hand  one  may  reckon  that  prospects  m  long 
haul  and  trunk  networks  are  somehow  limited,  due 
to  present  state  of  completion  and  development 
rate  of  modern  networks.  On  the  opposite,  most 
recent  forecasting  analyses  agree  to  show  tha- 
future  boost  in  optical  fiber  needs  '...-ill  probably 
come  from  subseriberA'ideocommmunjication  or 
broadband  multiservice  local  networks  . 
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In  spite  of  important  uncertainties  remaining  as 
regards  for  example  political  aspects,  services 
offered,  network  architecture ,  implementation 
strategy,  economics,  advances  in  components  other 
than  fibers  etc...,  there  is  no  doubt  that  the 
realization  of  such  networks  would  result  in  huge 
quantitative  needs. 


An  alternative  and  innovative  approach  has  the 
ambition  of  combining  and  simplifying  in  an 
harmonious  way  several  of  these  steps,  ie  the 
Multipull ing  -  Cabling  in  Line  process  (MCL', 
which  is  bound  to  drastically  reduce  optical 
cables  manufacturing  costs  by  avoiding  many 
intermediate  stages  (fig.  1). 


On  the  other  hand,  it  has  to  be  considered  that 
’’subscriber  fibers  and  cables"  technical 
requirements  will  differ  considerably  from  the 
present  ones.  Whether  multimode  or  singlemode,  the 
emphasis  on  transmission  performance  can  be 
questioned  when  considering  relatively  limited 
link  lengths  and  bit  rates  which  will  be  used. 
Mechanical  properties  will  have  to  be  compatible 
with  practical  use  in  underground  cables  in  most 
cases.  Finally,  a  reasonable  compromise  can  be 
expected  between  geometrical  tolerances  and 
connections  suitable  for  subscriber  link  power 
budget. 


As  opposed  to  these  aspects,  the  necessity  of  low 
cost  fibers  and  cables,  together  with  industrial 
conditions  enabling  mass  production,  will  be  of 
paramount  importance  with  a  view  to  ensuring 
credibility  and  rapid  implementation  of  these  new 
distribution  networks. 


Several  ways  of  aiming  at  such  targets  are  already 
well  under  consideration.  Some  of  them  focus  on 
preforms,  mainly  in  order  to  improve  productivity 
by  considerably  increasing  preform  sizes, 
deposition  rate  and  mass  glass  production,  leading 
to  development  of  new  and  promising  third  or  forth 
generation  ^  technologies  such  as  fully 
synthetizing  ,  7  sol-gel  or  plasma  methods, 
especially  POID  .  In  this  last  case,  the  economic 
progress  is  also  expected  to  be  accompanied  by 
significant  advantages  as  regards  geometrical 
tolerances  and  mechanical  strength. 


Fig  1  =  Comparison  between  stages  in 
conventional  and  MCL  production 


To  some  extent,  several  costly  steps  of  the 
classical  separated  organization  are  not  justified 
only  by  technical  requirements  but  rather  stem 
from  present  industrial  and  commercial  conditions 
where  preform  pulling  and  fiber  cabling  are 
generally  performed  by  separate  corpanies  or 
factories.  The  needs  for  these  steps  will 
naturally  disappear  in  an  integrated  organization. 


Other  works  aim  at  introducing  higher  fiber 
drawing  speeds  such  as  reported  already 
experimentally  at  600  or  1000  m/min  . 


Finally  studies  are  also  being  carried  out 
concerning  cable  structures  with  the  main 
objectives  of  achieving  high  cabling  density, 
allowing  cables  with  high  fiber  counts  to  be 
pulled  in  existing  ducts,  by  means  of  modular 
designs  aimed  reducing  production  as  well  as 
connection  costs  . 


All  these  different  research  works,  dealing  with 
important  topics  and  having  ambitious  goals  are 
nevertheless  somewhat  restricted  to  one  particular 
production  step  among  the  several  ones  leading 
from  preform  raw  materials  to  completed  cables. 


On  another  aspect,  MCL  will  enable  to  take  full 
advantage  of  progress  made  on  preform 
manufacturing,  drawing  and  cabling  which  are  today 
well  mastered  techniques.  One  can  for  instance 
presently  consider  that  preform  yield  is  close  to 
100  %  as  far  as  subscriber  network  needs  are 
concerned.  Furthermore  it  must  be  noted  that  the 
simultaneous  use  by  MCL  of  simple  drawing  lines 
running  at  moderate  speed  will  actually  compare  to 
the  speed  performance  offered  by  the  most  advanced 
and  sophisticated  single  fiber  pulling  processes. 

As  a  matter  of  fact,  MCL  concept  shows  some 
similarities  with  the  reasoning  having  led  in  the 
past  to  integrate  in  one  continuous  operation 
copper  drawing  and  wire  insulating  in  the 
telecommunication  copper  cable  manufacturing 
process. 
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4.  INDUSTRIAL  DEVELOPMENT  OF  MCL  PROCESS 

The  initial  concept  of  MCL  was  defined  in  1980  and 
further  technical  feasability  demonstrated  the 
French  Telecom  Research  National  Center  CNET 


Considering  the  outstanding  prospects  resulting 
from  this  breakthrough,  France  Telecom  promoted 
the  development  of  an  industrial  MCL  machine  and  a 
consortium  of  three  French  companies  was  put  in 
charge  of  this  task,  with  the  following  general 
objectives  * 

-  Number  of  fibers  =  up  to  5.  This  figure  was 
primarily  deducted  as  representative  of  the 
basic  modularity  used  in  future  subscriber 
network  architectures  (for  example  the  initial 
French  videocom  program  was  built  with  5  fiber 
distribution  boxes  ),  and  also  considering 
practical  possibilities  concerning  multipulling 
and  cabling  of  fiber  modules.  However  the 
concept  can  be  adapted  to  slightly  different 
f igures. 


-  Preform  size  up  to  35  mm  (either  multimode  or 
singlemode)  and  continuous  cable  manufacture 
length  about  20  km,  in  order  to  take  into 
account  the  anticipated  evolution  of  preforms 
and  the  needs  of  cable  mass  production.  These 
figures  can  also  be  expected  to  be  increased  in 
future  developments. 

-  Line  operation  speed  from  50  to  100  m/min, 
compatible  with  expected  possibilities  of  both  a 
medium-sized  pulling  machine  and  a  fast  cabling 
process.  Operation  of  the  machine  by  minimal 
staff  number  in  order  to  minimize  labor  costs. 


-  Fiber  characteristics  (geometrical,  mechanical, 
transmission)  complying  with  the  usual  quality 
level  presently  available  for  use  in  video¬ 
communication  networks,  and  with  CCITT 
recommendations. 


In  addition  to  these  requirements,  the  general 
design  of  the  machine  has  been  greatly  influenced 
by  the  fact  that  initial  experiments  allowed  Lhe 
feasability  of  realizing  large  capacity  fiber 
accumulators  able  to  reliably  store  and  deliver 
several  fiber  kilometers  between  the  pulling  and 
cabling  operations.  This  breakthrough  opened  the 
way  to  extremely  favorable  possibilities  as 
regards  operation  flexibility  of  the  machine, 
which  could  then  be  designed,  on  the  multipulling 
side,  as  several  drawing  lines  able  to  be  operated 
to  some  extent  independently  and  at  different 
speeds . 


On  the  cabling  side  the  machine  has  been 
designed  for  realization  of  fiber  modules  or 
low  fiber  count  completed  cables  based  on  the 
cylindrical  slotted  core  structure.  This 
stemmed  from  the  solid  experience  gained  in 
FRANCE  and  several  other  countries  on  this^Jype 
of  design  which  offers  many  qualities'1  = 
reliability,  industrial  manufacture  mastering, 
excellent  temperature  and  mechanical  behaviour, 
modularity  enabling  ^tjhe  construction  of  a 
full  range  of  cables  .  The  cabling  process 
had  to  be  adapted  to  the  speed  objective  stated 
by  means  of  development  of  fast  SZ  cabling 
technique . 


It  should  be  noted  however  that  the  choice  of  the 
V-grooved  structure  for  the  first  industrial 
machine  does  not  preclude  possibilities  of  MCL 
concept,  which  can  be  extended  to  produce  other 
types  of  fiber  modules  such  as  ribbons,  bundles 
etc...  bound  to  be  used  in  future  high  density 
cable  designs. 


Finally,  as  will  be  explained  when  describing 
the  corresponding  equipment,  the  industrial 
development  ot  MCL  concept  has  led  to 
question  the  usual  reasonings  as  regards 
continuous  fiber  mechanical  testing  and  cable 
quality  control  and  to  propose  radically  new 
approaches . 


-  Special  emphasis  on  the  industrial  character  of 
the  machine,  which  has  to  be  suited  to  usual 
scale,  conditions  and  environment  found  in  a 
cable  factory.  In  this  respect  a  reasonable 
compromise  had  to  be  found  between  simplicity 
(in  view  of  installation,  operation  and 
maintenance)  and  some  necessary  sophistication 
(in  terms  of  automatization,  quality  control  and 
yield ) . 


5.  TECHNICAL  REALIZATION  OF  THE  MCL  MACHINE 

Based  on  the  above  mentionned  principles,  the 
first  real  size  prototype  of  an  industrial  MCL 
machine  is  now  completed  and  being  subjected  to 
detailed  evaluation  test  program. 


Use  of  elementary  equipment  supplied,  as  far  as 
possible,  by  French  manuf ac turers. 


We  will  describe  hereunder  its  general  outlay 
(fig.  2)  and  the  new  range  of  equipment 
specifically  developed  for  its  realization. 


i 
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5.1.  Multipull ing  tower. 


Classically  situated  in  an  air  condi t ionned  clean 
room  the  tower  has  a  frame  made  of  steel  modules 
bolteu  together  (overall  dimensions  are  height  -  9 
n  ;  floor  area  -  2,50x1.50  m).  For  start-up  and 
possible  adjustments  during  operation,  a  front, 
lift  running  the  full  height  of  the  tower  is 
provided.  The  different  equiment  are  mounted  side 
by  side  on  supports  fixed  onto  a  front  vertical 
sliding  rail  (5  rails  for  preform  feeding  systems) 
with  a  200  mm  distance  between  axis  of  the  5 
lines.  This  figure  has  been  chosen  as  a  result  of 
equipment  dimensions  and  ergonomic  study  of 
operation  by  one  person  situated  in  the  facing 
lift. 


The  fusion  furnace  (fig.  3)  is  cf  graphite  RF 
induction  type.  The  5  susceptors  heated  by  5 
independently  powered  induction  coils  are  situated 
in  a  common  steel  chamber  containing  necessary 
water  cooling  and  argon  gas  circuits.  Temperature 
is  controlled  by  thermocouples  encased  in 
susceptor  width,  and  can  be  adjusted  with  good 
precision  and  stability  in  each  susceptor  due  to 
independent;  induction  systems.  However  for  future 
phases  of  MCL  optimisation  a  solution  using  a 
unique  generator  could  also  be  considered. 


Fig.  3  :  5  cavitic 
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The  fiber  diameter  and  XY  position  monitors  are 
new  compact  and  „•  irely  static  systems  based  on 
the  principal?  of  lighting  the  fiber  along 
2  perpendic  .Lai-  axis  by  LEDS  and  transmitting  via 
microscopes  the  fiber  image  on  photodiode 
detectors . 

Information  treatment  is  made  by  microprocessor 
ensuring  high  performance  and  flexibility  to  the 
system  =  accuracy  of  a  few  tenths  of  a  micron  ; 
output  rate  300  Hz  ;  storage  of  measurements, 
statistic  calculations  and  communication  with  the 
centralized  process  control  system  of  the  MCI  line 
via  analog  and  digital  links. 

A  tube  system  for  protection  and  helium  cooling  of 
fibers  is  provided. 

The  coating  system  (acrylate  materials)  is  made 
classically  of  2  pressurised  dies  per  drawing 
line.  For  reasons  of  simplicity  the  5  dies 
corresponding  to  each  one  of  the  two  coating 
layers  are  fed  by  a  common  container  and  pressure 
system.  However  studies  have  been  made  to  ensure 
the  possibilities  of  pulling  at  different  speeds, 
as  featured  by  the  MCL  process. 

The  UV  curing  furnaces  (2  per  line)  have  been 
specifically  developed  and  are  characterized  by 
water  cooLing,  due  to  reasons  of  compactness  and 
practical  difficulties  of  providing  in  a  small 
volume  the  important  air  flow  required  by  10  more 
conventional  air  cooled  furnaces  (fig.  4). 


Fig.  4  :  Water  cooled  UV  curing  furnaces. 


At  the  base  of  the  tower  are  situated  the 

following  equipment  -- 

-  coating  diameter  monitor,  al.ing  one  axis,  based 
on  principles  similar  to  the  fiber  measurement 
systems  ; 

-  pulling  capstans  with  fiber  t.er,*:jn  control  by 
load  cell  , 

-  devices  guiding,  the  fibers  either  towards  scrap 

containers  'for  start-up i  or  towards  the 

accumulators,  via  tubes  passing  ‘ h  rough  t  ho 
tower  base. 


5.2.  Fiber  accumulators  (fig.  5) 

The  5  accumulators  are  situated  on  a  platform 
right  above  the  insertion  nozzle  of  the  cabling 
machine.  These  innovative  patented  systems,  which 
are  a  key  element  to  the  MCL  line  operation, 
ensure  the  feeding  of  the  fiber  down  to  a 
container  where  it  is  stored  as  overlapping  coils. 
Due  to  the  small  weight  of  fiber,  even  in  case  of 
several  kilometers  storage,  the  smooth  pulling  of 
lower  coils  through  the  center  of  the  container 
base  is  performed  without  disturbing  the  upper 
coil  accumulation. 


Fig.  5  :  Largo  capacity  fiber  accumulators 


The  feeding  and  retrieving  speeds  are  controlled 
according  respectively  to  he  pulling  and  cabling, 
speeds.  In  normal  operation  these  speeds  are 
identical  but.  the  possibility  to  adjust  them 
independently  from  a  few  to  100  m/min  enables  to 
solve  in  a  very  simple  way  the  difficult  problems 
raised  by  the  integration  in  one  single  continuous 
process  of  the  fiber  drawing  and  cabling  steps 
(start. -up  of  the  line  ;  changing  of  preforms  or 
slotted  core  ;  occurence  of  incidents  or  defects 
etc...).  As  an  example,  the  capacity  of  the 
.  cuinul  a  tors  eases  considerably  the  start-up 
sequence  of  the  machine  -  after  initial  feeding 
down  of  the  5  preforms,  the  5  lines  are 
sequent ial ly  and  independently  adjusted  at  low 
speed  up  to  the  time  when  satisfactory  f lbor  is 
present  in  each  accmulator,  when  the  cabling 
process  is  then  s 4  anted.  The  ir.it  ial  unbalance  of 
fiber  quantifies  stored  in  the  accumulators  can  be 
further  cancelled  Ly  pulling  at  '-ar’aM0  speeds. 
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It  is  situated  outside  the  environmentally 
controlled  room  containing  the  tower.  Due  to  the 
speed  and  continuous  cable  length  objectives  not 
allowing  use  of  conventional  methods  of  cabling 
fibers  in  a  cylindrical  V-grooved  structure  (for 
example  drum-twister j ,  new  equipment  and 
techniques  had  to  be  developed  = 

-  static  slotted  core  pay-off  and  take-up  s'ancN , 
where  the  rod  is  stored  in  overlapping  coils 
into  containers  (diameter  1600  mm  x  height 
1000mm,  accomodating  more  than  20  km  of  4  mm 
diameter  rod ) , 

-  rotating  capstan  ensuring  slotted  core 

elongation  in  order  to  provide  the  fiber 
over  length  ir»  the  V-grooved  structure, 

-  SZ  insertion  nozzle  (fig.  6)able  to  efficiently 

and  reliably  operate  at  100  m/min,  and 

incorporating  a  device  which  optically  detects 
the  actual  angular  position  of  the  rod  with 
reference  to  its  average  position  along  the  SZ 
pitch , 

-  in  line  compound  filling  and  sheath  extrusion 

-  in  line  cable  tension  testing  unit  prior  to  take 

up  (fig.  7).  Performed  by  means  of  2  capstans, 
this  test  represents  a  new  approach  to 

mechanical  testing  of  fibers  and  cables.  Rather 
than  providing  the  machine  with  on-line  fiber 
screen-testing  systems,  whose  both  efficiency 
and  significance  can  be  questioned  in  an 
integrated  production  process  such  as  MCL,  the 
option  has  been  taken  of  simulating  the  actual 
tensile  stress  and  elongation  which  the  fiber 
modules  or  cables  as  a  whole  are  called  to  cope 
with  in  further  stages  of  manufacturing, 
installation  and  operation. 


Fig.  6  :  SZ  cabling  and  computer 


Fig.  7  :  General  view  of  the  machine 
(seen  from  take  up  side) 


5.4 .  Process  control  system. 

The  control  and  operation  of  the  machine  is 
assisted  in  a  "user  friendly"  and  flexible  marr.er, 
oy  a  fully  computerized  system  built  around  3 
microcomputers  situated  respectively  in  the  tower 
lift,  ir.  the  tower  room  ,  priority  between  them 
being  chosen  depending  on  operational  phases)  and 
at  tr.e  control  desk  of  the  cabling  machine.  This 
system  performs  the  main  following  tasks  = 

-  setting  of  all  parameters  necessary  for  running 
the  machine,  from  either  manually  entered  or 
preprogrammed  data,  and  subsequent  calculations 
on  these  parameters  ; 

-  automatic  sequencing  of  start-up  and  adjustment 
procedures  on  the  different  equipment  and  parts 
of  the  machine  ; 

-  monitoring  of  the  individual  equipment 
electrical  control  systems,  with  outputs  of 
alarms  or  safety  commands  in  case  of  abnormal 
conditions  ; 

-  monitoring  and  recording  of  quality  control 
parameters.  For  each  manufactured  length  a 
statistic  data  sheet  is  delivered  -stating  for 
instance  diameters  mean  values  and  RMS). 
Furthermore,  the  derects  detected  as  regards 
operation  parameters  or  measurement  results, 
together  with  their  precise  location  are 
recorded  and  a  mark  printed  onto  cable  sheath. 
This  last  feature  is  a  new  approach  to  quality 
control  adapted  to  continuous  and  integrated 
process  such  as  MCL.  It  enables  to  keep  the 
machine  running  in  case  of  localised  occurence 
of  defects,  which  are  further  eliminated  in 
following  manufacturing  or  conditioning  stages. 
This  is  especially  suitable  for  applications 
requiring  supply  and  installation  of  relatively 
small  or  irregular  cable  lengths,  as  it  will  be 
the  case  ir.  local  networks. 
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6.  EXPERIMENTATION  AND  YIELD 


.  CONCLUSION 


Due  to  largely  independent  design  of  the  5  pulling 
lines  on  one  hand,  and  of  the  pulling  and  cabling 
machines  on  the  other  hand,  enabled  by  the 
acc  »mulators,  a  first  representative  experimental 
phase  consisted  in  thoroughly  testing  the 
different  equipment  on  a  monofiber  drawing  tower 
prior  to  manufacturing  of  the  complete  sets  and 
installation  on  the  multipulling  tower.  In  the 
same  way  the  main  operational  conditions  have  been 
simulated.  These  detailed  tests  have  proved  all 
the  equipment  to  be  complying  with  the  performance 
and  industrial  objectives. 

As  examples  we  can  note  = 

-  fusion  furnace  = 

.  temperature  stability  better  than  5°C 

.  susceptor  life  duration  of  several  hundred 
hours 

-  coating  system  =  stability  of  coating  diameter 
and  concentricity,  as  well  as  complete  curing  in 
the  whole  range  of  speeds  up  to  100  m/min, 

-  transmission  and  mechanical  characteristics  of 

fibers  comparable  to  commercially  available 

fibers. 

Besides,  flexibility  and  reliability  of  fiber 
transportation  and  accumulation  systems  have  been 
demonstrated  on  several  hundred  fiber  kilometers 
at  speeds  varying  from  20  to  more  than  100  m/min 
and  accumulator  filling  up  to  7  km. 

Finally  a  few  kilometers  of  cables  have  been 
produced  with  the  cabling  machine,  showing  results 
comparable  to  those  achieved  on  traditional 
machines. 

Presently  a  detailed  program  is  being  carried  out 
as  regards  testing  and  assessment  of  the 
tandem  zed  process,  with  the  aim  of  evaluating 
industrial  yield  on  significant  quantities  of 
cables.  In  this  respect  it  has  to  be  emphasized 
that  yield  concept  needs  to  be  considered  on  a 
global  basis. 

Taking  into  account  the  practical  yields  of  each 
of  the  pulling  and  cabling  process,  as  known 
today,  and  theoretically  combining  them  would  lead 
to  wrong  and  unrealistic  final  figures.  One  must 
rather  reason  in  terms  of  global  difference  = 
total  quantity  of  good  fiber  incorporated  in  the 
completed  cables  as  compared  to  quantity 
potentially  pullable  in  initial  preforms.  Due  to 
industrial  flexibility  afforded  by  MCL  design 
incorporating  accumulators  and  by  specific 
features  of  subscriber  cable  market  ("low  grade" 
fibers  and  short  cable  lengths)  it  is  anticipated 
to  reach  high  yield  values  making  the  MCL  process 
particularly  attractive.  Furthermore  one  may  even 
reasonably  expect  that  the  realization  and 
performance  of  this  first  machine  will  prove 
suitable  for  other  more  stringen'  types  of 
appl ication . 


i 


The  development  of  MCL  concept  takes  place  in  a 
medium  term  context  of  preparing  the  ground  for 
future  subscriber/vi deocommun ication  networks 
whicli  will  require  low  cost  and  mass  production  of 
optical  cables  and  justify  new  approaches  on 
several  technical  and  economical  aspects. 

Th_  realization  of  the  first  industrial  machine 
prototype  has  brought  technical  solutions  to  main 
questions  raised  by  this  innovative  process 
integrating  2  presently  separated  techniques. 
Evaluation  phase  is  under  way  and  expected  to 
demonstrate  the  reliability  and  competi tiveness  of 
this  technology  which  is  complementary  to  research 
and  development  works  carried  out  worldwide  in  the 
field  of  optical  fibers  and  other  components. 
Prospects  offered  in  terms  of  economic  progress 
and  new  industrial  organization  will  have  to  be 
thoroughly  examined  and  deepened  in  view  of 
potential  returns  at  stake. 
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Summary 

Spectral  attenuation  measurements  of  installed 
submarine  cables  containing  single-mode  fibers 
exhibit  increased  attenuation  due  to  the  presence 
of  molecular  hydrogen.  While  the  hydrogen  levels 
are  not  presently  high  enough  to  impair  operation 
of  the  1310  nm  systems  operating  on  these  cables, 
the  levels  are  high  enough  to  limit  the  future  use  of 
these  cables  at  other  wavelengths.  The  amounts  of 
hydrogen  observed  are  fairly  well  correlated  to  the 
average  depth  of  the  cable.  Repeated  measure¬ 
ments  of  one  cable  show  that  the  amount  of  hydro¬ 
gen  is  increasing  slowly  with  time. 

1.  Introduction 

Hydrogen  gas  increases  the  attenuation  of  optical 
fibers.  '  However,  very  few  cases  of  hydrogen- 
induced  attenuation  increases  for  in-service  cables 
have  been  reported3'4,  and  these  few  involved 
high-phosphorus  multimode  fibers,  which  are  known 
to  be  more  susceptible  to  the  effects  of  hydrogen. 
The  use  of  single-mode  fibers  and  a  "proper"  cable 
design  (i.e.,  one  which  generates  no  hydrogen)  are 
thought  by  many  to  be  sufficient  to  prevent 
hydrogen  problems  based  upon  laboratory  testing5. 
However,  the  effects  of  a  corrosive  and  hostile 
environment  on  the  materials  in  the  cable  are  not 
easily  simulated  in  the  laboratory,  and  some  users 
question  whether  hydrogen  will  present  a  limitation 
to  the  useful  life  of  optical  cables.  Measurements 
of  in-service  cables  can  best  answer  these  questions. 

Two  mechanisms  for  the  generation  of  hydrogen 
have  been  studied  extensively:  chemical 


degradation  of  cable  materials  and  the  corrosion 
of  metallic  members  in  the  cable  structure. 
Evolution  of  hydrogen  from  cable  materials  can  be 
quantified  using  a  technique  such  as  gas 
chromatography  .  However,  metallic  corrosion  is 
more  difficult  to  test  in  the  laboratory  because  the 
amount  and  nature  of  the  corrosion  depend  upon 
the  cable’s  environment,  which  is  highly  variable 
from  one  installation  to  another  and  difficult  to 
characterize  in  general.  In  addition,  there  are 
several  different  types  of  corrosion  that  may  lead 
to  hydrogen  evolution,  such  as  galvanic  corrosion 
of  dissimilar  metals,  self-corrosion  of  galvanized 
steels,  and  biological  corrosion  by  sulfate-reducing 
bacteria.  Which,  if  any,  of  these  corrosion 
mechanisms  present  a  practical  problem  for 
installed  optical  cables  containing  metals  is 
difficult  to  predict.  Therefore,  measurements  of 
cables  containing  metals  installed  in  hostile 
environments  (that  is,  environments  which  are 
conducive  to  metallic  corrosion)  were  performed  to 
determine  whether  hydrogen  is  present  in 
significant  quantities. 

One  hostile  environment  of  particular  concern 
because  of  the  high  cost  of  installing  and 
protecting  the  cable  is  the  submarine  environment. 
Submarine  cables  are  typically  used  to  cross  rivers, 
lakes,  and  bays,  which  are  often  comprised  of  salt 
water.  The  possible  presence  of  heavy  marine 
traffic  typically  requires  armoring  the  cable  with 
one  or  more  layers  of  armor  wires,  both  for 
mechanical  protection  and  to  provide  sufficient 
weight  for  the  cable  to  rest  securely  on  or  in  the 
bottom.  This  environment  provides  opportunities 
for  all  three  of  the  above  mechanisms  for  metallic 
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corrosion  to  take  place. 

The  optical  measurement  which  most  conclusively 
identifies  the  presence  of  hydrogen  is  spectral 
attenuation.  However,  this  measurement  is  not 
easily  performed  in  a  field  environment,  so  a  mobile 
test  set  was  developed  for  this  purpose,  as  will  be 
described  in  the  next  section.  Using  this  test  set, 
three  different  submarine  cables  were  measured. 
These  cables  are  discussed  in  Sections  3  through  5 
and  are  analyzed  in  Section  6.  Finally,  based  upon 
these  measurements,  some  conclusions  are  drawn 
and  future  work  is  suggested. 

2.  Spectral  Attenuation  Measurements 

2.1  The  Signature  of  Hydrogen 

When  hydrogen  is  generated  in  a  cable,  it  diffuses 
readily  into  the  glass  fibers,  taking  approximately 
one  week  at  room  temperature  to  reach  the  core  of 
a  single-mode  fiber.  Once  hydrogen  is  present  in 
the  glass,  it  may  remain  in  a  molecular  state  or 
may  dissociate  and  chemically  bond  to  the  glass. 
In  the  molecular  state,  hydrogen  causes  a  series  of 
readily  observable  absorption  peaks  in  the  1100  to 
1600  nm  region  including  one  particularly  strong, 
narrow  peak  at  1240  nm.  ’  If  the  hydrogen 
chemically  bonds  to  the  glass,  different  absorption 
peaks  appear,  but  at  the  relatively  low 
temperatures  encountered  in  the  submarine 
environment,  the  extent  of  chemical  bonding  in 
single-mode  fibers  should  be  negligible  . 

Therefore,  a  spectral  attenuation  measurement  of 
an  installed  cable  to  determine  whether  hydrogen 
is  present  should  look  for  the  characteristic 
molecular  hydrogen  absorption  peaks,  and 
especially  for  the  pronounced  peak  at  1240  nm. 
These  distinct  peaks  are  unique  to  the  molecular 
hydrogen  effect  and  are  unlikely  to  be  confused 
with  other  loss-increasing  mechanisms,  such  as 
microbending  or  macrobending,  which  have 
different  spectral  signatures.  Furthermore,  the 
height  of  the  prominent  1240  nm  peak  is 
proportional  to  the  partial  pressure  of  hydrogen 
present  so  that  a  measurement  of  the  height  of  this 
peak  can  be  used  to  estimate  the  amount,  or 


partial  pressure,  of  hydrogen  present.  In  principle, 
many  of  the  other,  smaller  peaks  in  the  1100  to 
1200  nm  region  could  also  be  used  for  this  purpose, 
but  in  practice  these  peaks  are  more  difficult  to 
measure  since  the  fiber  may  support  higher  order 
modes  in  this  wavelength  region.  The  presence  of 
higher  order  modes  can  lead  to  anomalous 
increases  in  the  measured  attenuation.  Therefore, 
in  this  paper,  all  quantitative  information  will  be 
derived  from  the  1240  nm  peak.  One  atmosphere 
partial  pressure  of  hydrogen  produces  an  added 
loss  at  1240  nm  of  approximately  7  dB/km.  Using 
this  relationship,  a  spectral  measurement  of  an 
installed  span  gives  both  qualitative  information 
(identification  of  hydrogen  if  present)  and  a 
quantitative  measure  which  can  be  tracked  over 
time  or  used  to  compare  one  cable  design  against 
another  or  one  installation  against  another. 

2.2  A  Mobile  Test  Set 

The  measurement  of  the  characteristic  spectral 
signatures  of  hydrogen-affected  installed  fiber  cable 
necessitated  the  construction  of  a  field-portable, 
ruggedized  spectral  attenuation  test  set.  Because 
of  the  urgent  need  to  measure  existing  submarine 
cables,  no  major  changes  were  made  to  the  design 
of  an  existing  laboratory  system,  with  which  the 
authors  had  several  years  of  experience  and  had 
made  numerous  measurement  comparisons  with 
other  laboratories.  While  this  design  does  not 
result  in  a  compact,  easily  transported  system,  it 
does  give  measurements  which  are  traceable  to  an 
interlaboratory  standard.  One  serious  drawback 
to  this  expedient  approach  is  that  the  launch  and 
detect  ends  of  the  fiber  must  be  located  at  the 
same  end  of  the  cable.  This  requires  that  two 
fibers  be  looped  at  the  far  end,  and  the  result  will 
be  a  measurement  of  the  round-trip  loss  of  these 
two  concatenated  fibers. 

A  high  dynamic  range  (greater  than  30  dB)  is 
needed  to  measure  1240  nm  hydrogen  peak,  which 
could  be  as  large  as  several  dB/km.  Also,  the  test 
set  must  be  stable  over  a  wider  range  of 
temperatures  than  those  encountered  in  the 
laboratory  since  the  test  set  will  sometimes  be  in 
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locations  where  there  is  little  or  no  environmental 
control. 

The  details  of  the  measurement  system,  which  is 
very  similar  to  many  spectral  systems  in 
widespread  usage,  are  as  follows.  The  optical 
launch  apparatus  was  arranged  on  a  light  weight, 
one  by  three  foot  optical  breadboard.  The  light 
source  was  an  optical  feedback  stablized  tungsten- 
halogen  lamp.  Wavelength  selection  was  provided 
by  a  grating  mpnochromator  which  was  driven  by 
a  stepper  motor  under  computer  control.  The 
effect  of  the  monochromator  grating,  slits,  and  fiber 
aperture  is  to  reduce  the  spectral  width  to  less 
than  10  nm.  The  launched  light  was  chopped  so 
that  it  can  be  synchronously  detected  using  a 
lock-in  amplifier.  The  lock-in  amplifier  readings 
are  averaged  for  further  signal-to-noise 
improvement.  On  the  receive  end,  a  75  /im 
diameter  pigtailed  InGaAs  PIN  diode  is  coupled 
through  the  current-sensitive  input  of  the  lock-in. 

In  choosing  a  list  of  wavelengths  to  be  measured, 
many  points  are  desired  in  the  1100  to  1300  nm 
region  where  the  distinctive  hydrogen  peaks  are  to 
be  observed,  and  several  points  close  to  the 
important  peak  at  1240  nm  are  needed  to  fully 
resolve  the  height  of  the  peak.  However,  as  the 
number  of  points  increases,  the  time  required  to 
perform  the  measurement  also  increases.  As  a 
compromise,  10  nm  steps  were  used  in  the  1100  to 
1300  nm  region.  Between  1300  and  1600  nm,  step 
sizes  of  both  10  nm  and  20  nm  were  used.  The 
1240  nm  peak  was  fully  resolved  using  2  nm  steps 
for  one  measurement  of  a  fiber  known  to  exhibit 
the  hydrogen  effect.  This  measured  data  was  then 
used  as  a  template  to  fit  the  routinely  measured 
data,  which  had  coarser  wavelength  resolution, 
over  a  wavelength  range  which  included  both  the 
1240  nm  peak  and  the  region  near  1310  nm  where 
there  is  little  hydrogen  effect.  This  fit  contained 
three  fitting  parameters:  a  wavelength- 

independent  attenuation  (to  account  for  differing 
splice  and  connector  losses  and  measurement 
offset),  a  wavelength  shift  (to  account  for  slight 
shifts  in  the  monochromator  central  wavelength), 
and  a  multiplier  from  which  the  true  peak  height 


could  be  estimated.  An  example  of  the  template 
and  the  more  coarsely  measured  data  is  shown  in 
Figure  1.  The  template  is  shown  as  a  continuous 
line,  while  the  measured  data,  from  a  different  fiber 
measured  at  a  different  time,  is  shown  as  discrete 
data. 


Wcr^ength  (micrometers) 

Figure  1.  1240  nm  Fitting  Template  Applied  to 
Measured  Data 

The  correlation  coefficient  between  the  measured 
data  and  the  template  was  always  greater  than  0.9 
for  all  fibers,  and  when  the  1240  nm  peak  was  2 
dB/km  or  greater,  the  correlation  always  exceeded 
0.99  which  gives  high  confidence  that  the  shape  of 
the  peak  does  not  vary  significantly  from  one  fiber 
to  another. 

In  most  cases,  a  cutback  attenuation  measurement, 
which  is  destructive,  was  not  possible.  Instead,  a 
reference  measurement  was  obtained  through  a 
short  piece  of  similar  fiber  using  the  attenuation  by 
substitution,  or  insertion  loss,  technique.  Care  was 
taken  in  all  cases  to  leave  the  launch  conditions 
unchanged  throughout  both  the  reference  and  the 
unknown  measurement.  While  attenuation  by 
substitution  measurements  are  less  accurate  than 
cutback  measurements  in  an  absolute  sense,  the 
uncertainty  is  limited  to  a  "baseline"  or  "DC" 
attenuation  that  is  approximately  constant  with 
wavelength.  Therefore  the  spectral  signature,  and 
particularly  the  height  of  the  1240  nm  peak  above 
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the  scattering  baseline,  can  be  measured  with  high 
precision. 

The  test  set  did  not  perform  flawlessly.  Since  the 
equipment  was  originally  intended  for  the  well- 
controlled  laboratory  environment,  it  is  hardly 
surprising  that  the  performance  of  the  system 
suffered  when  used  in  the  field.  For  future 
measurements,  an  Optical  Time  Domain 
Reflectometer,  or  OTDR,  with  a  measurement 
wavelength  adjusted  to  match  the  1240  nm 
hydrogen  peak  may  be  used.  An  OTDR  permits  not 
only  end-to-end  average  estimates  of  the  quantity 
of  hydrogen  present,  but  also  gives  a  profile  of  the 
amount  of  hydrogen  present  along  the  length  of  the 
cable. 

3.  Submarine  Cable  Number  1 

S.  1  History 

In  the  summer  of  1985,  two  submarine  optical  fiber 
cables  approximately  1.9  km  long  were  installed 
across  a  tidal  bay.  The  bay  is  fed  by  two  rivers, 
which  contain  considerable  bacterial  matter 
emanating  from  several  large  metropolitan  centers 
upstream.  The  maximum  depth  of  this  crossing  is 
approximately  31  meters  (100  feet),  and  the 
average  depth  is  18.3  meters  (60  feet).  The  1.9  km 
submarine  cables  comprise  only  a  small  part  of  the 
total  12.9  km  span  between  central  offices,  with  8 
km  of  terrestrial  optical  fiber  cable  to  the  east  and 
3  km  of  cable  to  the  west. 

The  submarine  cables  each  contain  100  single-mode 
fibers  organized  into  ten  units.  The  fibers  are  all 
of  a  conventional  phosphorus-free  matched- 
cladding  single-mode  design  The  loose-tube  units 
are  stranded  around  a  stainless  steel  central 
member  and  are  surrounded  by  layers  of  aramid 
yarn,  polyethylene,  corrugated  copolymer-coated 
high-carbon  steel,  and  polyethylene  from  the  inside 
out.  To  provide  mechanical  protection  against 
dredging  operations  and  other  marine  hazards,  two 
layers  of  galvanized  steel  armor  wires  are  added, 
and  the  entire  structure  is  then  covered  with  an 
asphalt  jacket. 


When  the  cables  were  placed  in  the  summer  of 
1985,  one  cable  was  immediately  placed  in  service 
while  the  second  cable  was  considered  a  spare.  55 
fibers  in  the  service  cable  were  spliced  to  55  fiber 
terrestrial  cables  at  the  two  manholes  on  either 
side  of  the  submarine  crossing.  The  spare  cable 
was  left  unterminated  at  these  manholes. 

Post-construction  measurements  made  by  the  cable 
supplier  revealed  anomalously  high  attenuation  at 
1550  nm  for  several  of  the  fibers.  While 
attempting  to  isolate  the  cause  for  this  high 
attenuation  during  the  following  year,  a  gradual 
degradation  at  1550  nm  was  observed.  Because  of 
the  presence  of  dissimilar  metals  and  bacterial 
matter,  the  telephone  company  was  concerned  that 
hydrogen-related  problems  may  be  responsible  for 
this  degradation.  A  diagnostic  series  of  spectral 
attenuation  measurements  were  initiated. 

S.2  First  Measurement-  CO  to  CO 

The  easiest  points  to  access  on  the  route  are  the 
two  ends-  at  the  two  central  offices,  or  COs.  At 
each  CO,  the  cable  was  terminated  in  a 
connectorized  panel,  and  fibers  not  yet  placed  in 
service  could  be  easily  connected  to  the  test  set. 
The  test  set  was  located  at  the  eastern  CO.  A 
patch  cord  was  used  at  the  western  CO  to  loop  one 
test  fiber  onto  another  so  that  each  measurement 
corresponded  to  the  measurement  of  two  fibers 
looped  together  at  the  far  end.  A  reference  power 
reading  was  obtained  by  connecting  the  source  and 
detect  connectorized  patch  cords  together  through 
a  connector  sleeve,  and  the  power  transmitted 
through  the  looped  pair  of  fibers  was  compared  to 
this  reference  level  to  determine  the  loss.  The 
total  measurement  length,  or  twice  the  span 
length,  was  25.8  km. 

Connector  losses  were  rather  high,  and  OTDR 
measurements  identified  as  much  as  5  dB 
attenuation  in  the  western  CO  where  the  patch 
cord  was  used  to  create  the  loop.  Combined  with 
the  length  of  the  round-trip  path,  this  high  loss 
connection  gave  total  round-trip  losses  which 
approached,  and  occasionally  exceeded,  the 
dynamic  range  of  the  measurement  system. 
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approximately  35  dB. 

6  fiber  pairs  were  measured,  and  two  of  these 
measurements  which  did  not  exceed  the  35  dB 
dynamic  range  of  the  test  set  are  shown  in  Figure 
2.  Three  features  suggest  the  presence  of 
molecular  hydrogen: 

1.  A  sharp  absorption  peak  at  1240  nm 

2.  A  gradual  loss  increase  above  1500  nm 

3.  A  small  absorption  peak  at  1590  nm 


WoveJength 


Figure  2.  Spectral  Attenuation  Measurement-  CO 
to  CO 

To  better  resolve  these  features,  a  second  series  of 
measurements  were  performed. 

8.8  Second  Measurement-  the  Spare  Cable 

Since  the  submarine  cable  represents  only  a  small 
portion  of  the  total  span,  the  spare  cable,  which 
was  not  spliced  to  the  terrestrial  cables  on  either 
end,  was  measured.  Accessing  the  spare  cable  was 
much  more  difficult  since  it  was  not  terminated  in 
a  central  office  but  rather  was  left  unterminated  in 
the  manholes  on  either  side  of  the  submarine 
section.  A  splicing  trailer,  which  provides  some 
environmental  control  and  a  clean  work 
environment,  was  provided  by  the  telephone 
company  at  the  manhole  on  the  western  end  of  the 
submarine  section,  and  loop-back  splices  were 


performed  on  the  eastern  end  of  the  spare  cable. 
Two  fibers  in  each  unit  were  spliced  together  at 
the  eastern  end  so  that  10  fibers  were  available 
for  measurement.  Sirice  the  round-trip  length  is 
now  only  3.8  km,  the  attenuation  did  not  approach 
the  dynamic  range  of  the  test  set.  Nine  fiber  loops 
were  actually  measured  (the  tenth  had  a  high  loss 
splice  at  the  far  end).  The  mean  and  the  standard 
deviation  of  the  nine  spectral  measurements  are 
plotted  in  Figure  3. 


Figure  3.  Spectral  Attenuation  Statistics-  Spare 
Cable 

8.4  Interpretation  of  the  Measurement  Data 

The  initial  measurement  of  the  entire  span  clearly 
showed  a  1240  nm  attenuation  peak  which  is 
characteristic  of  molecular  hydrogen.  From  Figure 
2,  the  peak  is  estimated  to  be  approximately  20  dB 
above  the  scattering  loss.  If  this  added 
attenuation  is  attributable  exclusively  to  the  3.8 
km  submarine  section  (1.9  km,  two  passes),  then 
the  1240  nm  added  loss  in  the  submarine  section  is 
approximately  5  dB/km.  Since  one  atmosphere  of 
hydrogen  produces  approximately  7  dB/km  added 
loss  at  1240  nm,  0.7  atmospheres  of  hydrogen  on 
average  across  the  submarine  section  would  be 
needed  to  produce  the  observed  loss  increases. 

The  measurements  made  on  the  spare  cable  gave 
better  resolution  of  the  many  hydrogen  peaks  in 
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the  1100  to  1300  nm  region  and  clearly 
demonstrated  that  hydrogen  was  present. 
Furthermore,  the  spare  cable  measurements  more 
accurately  resolved  the  1240  nm  peak.  These 
measurements  will  be  further  analyzed  in  the  next 
section. 

These  results  were  quite  disturbing.  A  submarine 
cable,  only  two  years  old,  has  clearly  degraded  due 
to  the  presence  of  molecular  hydrogen.  While 
service  had  not  yet  been  affected,  it  would  be 
affected  if  the  hydrogen  levels  increase 
significantly,  and  the  significant  loss  increases  at 
the  longer  wavelengths  near  1550  nm  may  limit  or 
preclude  the  future  use  of  the  cable  in  that 
wavelength  region.  To  determine  the  rate  at 
which  the  cable  is  degrading,  repeated 
measurements  of  the  cable  were  performed  over  the 
following  year.  These  results  are  reported  in  the 
n^xt  two  sections.  Also,  a  theoretical  worst-case 
value  can  be  computed. 

The  cable  structure  cannot  withstand 
pressurization,  and  the  core  of  the  cable  is 
comprised  of  essentially  incompressible  materials 
(plastics  and  gel  filling).  Also,  the  filling  materials 
do  not  readily  flow.  Therefore,  the  pressure  in  the 
cable  core,  including  the  space  around  the  fiber,  is 
the  same  as  that  of  the  surrounding  water.  The 
worst-case  loss  increase  can  be  calculated  from 
total  pressure  around  the  fiber,  which  can  be  found 
from  the  average  depth  of  the  cable,  18.3  meters. 
At  this  depth,  there  are  2.8  atmospheres  of 
pressure  on  the  cable.  This  pressure  is  the  upper 
limit  of  the  partial  pressure  of  hydrogen.  With  2.8 
atmospheres  of  hydrogen  present  and  in  the 
absence  of  chemical  bonding,  the  attenuation 
increases  would  be  approximately  2.0  dB/km  at 
1270  nm,  0.8  dB/km  at  1290  nm,  0.6  dB/km  at 
1310  nm,  1.4  dB/km  at  1550  nm,  and  2.2  dB/km  at 
1570  nm.  These  estimates  are  based  upon  the 
added  loss  due  to  molecular  hydrogen  presented  in 
Reference  4. 


S.5  Repeated  Measurements  of  the  Spare  Cable- 
Time  Dependence 

To  test  for  the  time  dependence  of  the  loss 
increase,  the  spectral  attenuation  measurements  of 
the  spare  cable  were  repeated  three  times-  in 
October  1987,  in  May  1988,  and  in  August  1988, 
The  same  test  set  was  used,  and  the  same  nine 
fiber  loops  were  measured  in  all  four  cases.  All 
fibers  measured  clearly  demonstrated  the  presence 
of  molecular  hydrogen,  and  the  levels  of  hydrogen 
were  slightly  higher  for  each  successive 
measurement. 

To  better  analyte  tht.se  measurements,  a  hydrogen 
indicator  was  calculated.  This  indicator  was 
computed  from  the  fitted  1240  nm  attenuation 
peak,  found  by  fitting  the  previously  measured 
template  to  the  measurement  data  and  subtracting 
the  baseline  scattering,  which  is  assumed  to  be  of 
the  form  a  X-1 4-  b . 

The  hydrogen  indicator  computed  for  the  four 
measurements  of  the  spare  cable  are  summarized 
statistically  in  Figure  4. 
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Oct-87  Aug-88 

Date  of  Meaa/ement 

Figure  4.  Summary  of  Four  Measurements  of 
Submarine  Cable  Number  1 

The  observed  time  dependence  is  well  described  by 
a  power  law  fitting  function  with  a  zero  intercept 
of  the  form  a  time *  (since  the  hydrogen  effect  was 
assumed  to  be  absent  prior  to  installation),  and  an 
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exponent  x  c.  0.24  gave  a  correlation  coefficient  of 
0,99.  The  average  hydrogen  indicator  and  the 
power  law  fit  are  plotted  in  Figure  5. 
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Figure  6.  Time  Dependence  of  the  Hydrogen 
Indicator 

Based  upon  these  measurements,  taken  over  a  14 
month  period,  the  hydrogen  effect  appears  to  be 
worsening  slowly.  Since  the  mechanism  of 
hydrogen  generation  is  not  known,  extrapolating 
this  time  dependence  is  risky,  and  the  rate  of 
hydrogen  generation  could  either  increase  or 
decrease.  However,  it  appears  safe  to  conclude 
that,  while  hydrogen  may  limit  the  use  of  the  cable 
both  at  longer  wavelengths  and  for  multichannel 
wavelength  division  multiplexing  around  1300  nm, 
hydrogen  does  not  pose  an  immediate  threat  to  the 
operation  of  the  1310  nm  systems  presently  in  use 
on  this  cable. 

4.  Submarine  Cable  Number  2 

Because  of  the  presence  of  hydrogen  detected  in 
the  first  cable,  other  cable  installations  with  a 
similar  cable  design  and  environment  were  chosen 
for  measurement  so  that  the  effect  of  cable  and 
fiber  design  and  environment  could  be  studied. 
The  second  installation  was  similar  to  the  first 
insialiation,  reported  in  the  previous  section, 
except  that  the  depth  was  less  but  the  distance 
was  longer.  Since  this  cable  was  located  farther  up 


a  river  from  the  ocean  than  the  first  cable,  the 
salinity  of  the  water  W’as  somewhat  lower.  The 
route  depth  varied  from  only  one  meter  at  one  end 
to  the  maximum  depth  of  14  meters  at  the  other 
end.  This  installation  consists  of  two  separate 
cables,  each  each  containing  48  fibers,  and  the  two 
cables  follow  a  somewhat  different  route  along  the 
bottom,  which  accounts  for  the  differing  cable 
lengths-  6  and  G.5  km.  The  average  depth  of  the 
two  cables  is  approximately  4  meters. 

The  cable  design  was  similar  to  that  described  in 
the  first  case  except  that  the  central  member  was 
dielectric  rather  than  steel,  and  the  cable  was 
manufactured  by  a  different  cabler.  The  fiber  used 
in  this  cable  wras  of  the  same  design  as  that  used  in 
the  first  cable-  a  matched  cladding,  phosphorus- 
free  single-mode  design. 

The  cables  were  accessed  at  a  central  office  near 
one  end  of  the  submarine  section.  Relatively  short 
terrestrial  cables  were  used  between  the  submarine 
cable  and  the  central  offices,  so  in  this  case  an 
office-to-office  measurement  was  appropriate  since 
most  of  the  measured  loss  was  that  in  the 
submarine  section.  Twelve  unused  fibers  within 
each  cable  were  looped  at  the  other  central  office 
near  the  opposite  end  of  the  submarine  section  to 
give  six  fiber  loops  in  each  cable.  Access  to  the 
fiber  was  obtained  at  a  patch  panel  using 
connectors  on  both  ends. 

The  mean  and  standard  deviation  of  the 
measurements  made  for  these  two  cables  are 
plotted  in  Figures  6  and  7.  In  spite  of  the  fact 
that  these  two  cables  follow  nearly  identical  routes 
and  are  identical  in  construction,  the  height  of  the 
1240  nm  hydrogen  peak  is  significantly  different  in 
the  two.  The  reason  for  this  difference  is  not 
known.  Since  the  two  cables  behaved  significantly 
differently,  they  are  plotted  separately  and  will  be 
analyzed  separately. 

These  spectral  attenuation  measurements  again 
clearly  demonstrate  the  effects  of  hydrogen, 
although  the  magnitude  of  the  attenuation 
increase  is  smaller  in  this  installation  Further 
analysis  will  be  performed  later  in  this  paper. 
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Wavelength 

Figure  6.  Measurement  of  Second  Installation, 
First  Cable 


Figure  7.  Measurement  of  Second  Installation, 
Second  Cable 

5.  Submarine  Cable  Number  3 

A  shorter  and  shallower  installation  using  a 
different  cable  structure  and  fiber  design  was 
investigated.  In  this  cable,  a  cable  structure  with 
steel  wires  in  the  sheath  was  used,  and  galvanized 
armor  wires  were  applied  over  this  sheath  as  in  the 
other  two  cases.  The  fiber  was  a  depressed- 
cladding  design  with  a  small  amount  of  phosphorus 
in  the  cladding.  The  crossing  was  1.4  km  long  with 


an  average  depth  of  approximately  8.5  meters. 
The  cable  was  accessed  at  a  manhole  near  one  end 
of  the  submarine  section,  and  fibers  were  spliced  at 
the  manhole  on  the  other  end  of  the  submarine 
section  to  form  twelve  fiber  loops.  Measurements 
were  again  made  in  a  splicing  trailer. 

The  mean  and  standard  deviation  of  the 
measurements  on  the  10  fibers  are  plotted  in  Figure 
8. 
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Figure  8.  Spectral  Attenuation  Measurements- 
Third  Installation 

The  spectral  attenuation  measurements  again  show 
the  effects  of  molecular  hydrogen.  Other 
differences  from  the  first  two  installations  are 
apparent,  such  as  an  anomalous  loss  at  long 
wavelengths,  probably  attributable  to  bend  loss  in 
splice  cases  or  microbending.  The  measurements 
also  are  noisier,  which  is  a  result  of  the  relatively 
short  length  of  the  cable.  However,  these  features 
of  the  spectral  attenuation  are  probably  not 
hydrogen-related.  All  three  installations  will  be 
analyzed  further  in  the  following  section. 

6.  Comparison  of  the  Three  Cables 

6.1  General  Characteristics 

Perhaps  the  most  striking  feature  of  the 
measurements  made  on  the  three  submarine  cables 
is  their  similarity.  Even  though  the  cable 
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structures  were  significantly  different,  the  fibers 
were  of  different  designs,  and  the  environment  in 
which  the  cables  were  laid  was  somewhat  different, 
the  unmistakable  presence  of  molecular  hydrogen  is 
clear  in  all  three  cables.  With  these  similarities  in 
mind,  common  factors  in  the  three  installations 
should  be  considered. 

First,  all  three  cables  were  armored  with  layers  of 
galvanized  steel  wires.  These  armor  wires  are  the 
only  metallic  mehibers  common  in  all  three  designs. 
Also,  a  sample  of  a  similar  submarine  cable  which 
had  been  in  operation  for  two  years  was  physically 
examined,  and  the  galvanized  armor  wires 
appeared  to  be  significantly  corroded.  Second,  all 
three  cables  were  placed  in  a  salt  water 
environment,  so  galvanic  corrosion  is  a  possible 
source  of  hydrogen.  Third,  all  three  cables  were 
buried  in  a  soft  bottom  to  provide  additional 
protection  from  shipping  and  dredging  operations. 
This  would  tend  to  reduce  the  rate  of  galvanic 
corrosion,  which  would  be  more  pronounced  if  the 
cables  were  in  free  flowing  water,  but  burial  also 
ensures  that  the  cables  are  in  an  anaerobic 
environment,  which  would  permit  sulfate-reducing 
bacteria  to  grow.  Such  bacteria  can  act  on  metals 
and  generate  hydrogen. 

Telephone  company  engineers  have  reported  to  the 
authors  that  similar  installations  in  fresh  water 
have  not  shown  increased  attenuation  at  1550  nrn, 
while  all  three  of  these  installations  and  several 
others  in  salt  water  have  shown  attenuation 
increases  at  this  wavelength.  This  may  indicate 
that  salt  water  is  a  necessary  ingredient  for  the 
generation  of  hydrogen  by  these  and  similar  cables. 
Also,  a  restoration  cable,  identical  in  design  to  the 
cables  used  in  the  installation  for  which 
measurements  were  reported  in  section  3,  has  not 
yet  been  installed.  Measurements  of  this  cable  by 
telephone  company  engineers  show  that  there  is  no 
degradation,  which  would  seem  to  rule  out  one  of 
the  possible  mechanisms  for  hydrogen  generation- 
the  chemical  degradation  of  cable  materials-  in 
favor  of  corrosion.  However,  with  the  information 
currently  available,  neither  galvanic  nor  bacterial 
corrosion  can  be  ruled  out,  and  additional 


laboratory  work  and  field  measurements  are 
planned. 

6.2  Dependence  upon  Depth 

The  depth  of  these  three  installations  appears  to 
be  an  important  factor  in  determining  the  amount 
of  loss  increase.  The  depth  dependence  is 
summarized  in  Figure  9.  The  two  cables  of  the 
second  installation  are  plotted  separately.  Two 
curves  are  plotted  with  the  data.  The  first  is  a 
simple  linear  fit  to  the  average  hydrogen  indicator, 
which  appears  to  describe  the  depth  dependence 
reasonably  well.  The  second  curve  represents  25 °c 
of  the  computed  worst-case  hydrogen  indicator  as 
a  function  of  depth,  which  bounds  the  observations. 
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Figure  9.  Dependence  of  Hydrogen  Indicator  on 
Depth 

It  is  interesting  to  note  that  both  of  these  two 
curves  have  a  non-zero  intercept  at  zero  depth, 
which  implies  that  cables  at  the  surface  could  also 
be  slightly  affected  by  hydrogen  if  they  are  of 
similar  construction  (i.e.,  contain  galvanized  armor 
wires)  and  have  a  similar  environment  (i.e  , 
anaerobic  ar.d  saline).  How'ever,  terrestrial  cables 
are  not  typically  armored,  and  no  cases  of 
hydrogen  effects  on  terrestrial  cables  containing 
single-mode  fibers  have  been  identified. 
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7.  Conclusions 
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LIGHTNING  OAM AGE  SUSCEPTIBILITY  OF  FIBER  OPTIC  CABLES 


Richard  E.  Clinage 


Siecor  Corporation 
Hickory,  North  Carolina 


ABSTRACT 

One  of  the  main  reliability  concerns  today  among 
Telco's  is  the  optical  cable's  ability  to 
withstand  a  lightning  stroke.  This  paper 
presents  a  practical  outlook  on  the  lightning 
damage  susceptibility  of  today's  most  common 
optical  cable  designs.  The  objective  of  this 
study  was,  if  possible,  to  establish  upper  limits 
of  performance  for  these  designs.  Hopefully, 
these  results  will  give  users  valuable  insight  as 
to  the  long-term  reliability  aspects  of  installed 
cables  and  fiber  optic  systems.  Conclusions  are 
that  dielectric  cores  and  longitudinally  applied 
(corrugated)  copolymer  coated  steel  armoring 
provide  the  optimum  protection  against  lightning 
damage.  Of  those  cables  tested,  double  armored 
designs  suffered  less  outer  sheath  damage  than 
single  armored  designs.  Results  show  that  proper 
design  and  selection  of  materials  provide 
alternatives  to  al 1 -dielectric  core  designs.  For 
the  first  time,  results  of  testing  performed  to 
Bellcore  TR-20  requirements  at  current  levels  as 
high  as  229  kA  are  discussed. 


BACKGROUND 

Concerns  began  in  the  communications  industry 
when  statistics  showed  that  many  system 
breakdowns  were  due  to  lightning  damage.  In  the 
copper  world,  cables  suffered  pair  to  pair  and 
pair  to  ground  faults.  These  electrical 
installations  also  contained  very  sensitive 
solid-state  devices  which  were  vulnerable  to  even 
low  levels  of  surge  current  caused  by  lightning. 
The  introduction  of  fiber  optic  cables  has 
relieved  some  of  these  concerns;  however, 
manufacturers  have  been  unable  to  take  full 
advantage  of  their  al 1 -dielectric  nature.  Faced 
with  a  lack  of  alternatives,  fiber  optic  cable 
manufacturers  often  utilize  metallic  components 
to  provide  for  low  cost  strength  elements  or 
optimum  mechanical/rodent  protection.  As  with 
copper  cables,  lightning  is  attracted  to  metal 
components  because  of  their  effective  ground 
potential . 


lightning's  harmful  effects.  In  principle,  light¬ 
ning  arcs  to  buried  cable  when  the  resistance  of 
the  soil  is  greater  than  the  resistance  of  the 
cable  system.  The  potential  for  lightning  damage 
is  expected  to  increase  as  the  number  of 
lightning  strokes,  the  duration  of  the  stroke, 
stroke  current  and  soil  resistivity  increase.1 

No  decisive  studies  exist,  to  date,  relating  the 
depth  at  which  the  underground  cables  are  placed 
and  the  resultant  lightning  protection.  In  fact, 
very  few  proven  methods  exist  to  prevent 
lightning  discharges  to  buried  objects. 
Predicting  such  occurrences  is  even  more 
difficult.  The  effective  cost  of  protection  must 
always  be  considered  relative  to  the  risk  of 
service  loss,  the  frequency  and  severity  of 
expected  lightning  discharges.  In  those 
instances  where  "more"  lightning  protection  is 
required,  options  are  direct  burial  of 
all -dielectric  designs,  installation  of  cables  in 
concrete,  steel  or  plastic  ducts,  or  placement  of 
shield  wires  above  armored  buried  cables. 

The  single  most  important  lightning  parameter  is 
the  level  of  current  discharged  during  a  stroke. 
Most  lightning  discharges  range  from  a  few 
hundred  amperes  in  strength  up  to  several  hundred 
thousand  amperes  (kA);  however,  in  most  buried 
environments  the  recorded  occurrence  for 
lightning  strokes  greater  than  100  kA  is  too  rare 
to  be  of  any  practical  importance.2 

The  average  lightning  stroke  is  between  30  and  40 
kA.  Ninety-five  percent  (95%)  of  all  lightning 
strokes  occur  at  less  than  lOOkA  (Figure  l).3,*,5 


Cable  lightning  damage  was  originally  expected  to  rexerwr  of  rrxoice*  in  which  ewwewT  ex  ceeotom»u  re  v*u* 

occur  only  in  aerial  cable  installations;  oi»tribvti«f>  »i  uyMninf  str»x»  cr*»t  curr»nt»  >•  eurt*e  $  trvctwr** 

however,  it  was  soon  recognized  that  buried 

applications  were  not  completely  immune  from  Figure  1 


200  International  Wire  &  Cable  Symposium  Proceedings  1988 


A  map  of  the  most  susceptible  lightning  areas 
across  the  United  States  is  in  Figure  2.6,7 


Estimated  Lightning  Exposure  Factor 
for  Buried  CaDle  in  U.S.A. 


Figure  2 


Based  on  this  low  percentage  of  lightning 
occurrences  above  100  kA  and  the  uncertainty  of 
these  strokes  arcing  to  buried  cables,  the 
Bellcore  established  105  kA  performance 
requirement  appears  to  be  a  very  practical  limit 
to  characterize  cable  lightning  damage 
susceptibility. 


HISTORY  OF  CABLE  LIGHTNING  TESTING 

For  many  years,  numerous  studies  have  been 
performed  in  an  attempt  to  understand  the 
fundamental  behavior  of  lightning.  To  date,  three 
methods  have  been  developed  to  evaluate  the 
performance  of  cable  in  buried  environments. 
They  are  the  magnetic  crush  test,  the 
longitudinal  current  test  and  the  arc  discharge 
or  "sand  box"  test.8 

A  review  of  the  principles  of  these  three  tests 
yields  two  basic  scenarios.  Lightning  damage 
occurs  due  to  either  a  direct  strike  or  by  a 
strike  in  the  vicinity  of  an  object.  Previous 
studies  have  shown  that  crushing  and  burning  of 
buried  cables  can  result  from  magnetic  field 
effects  caused  by  lightning.  The  magnetic  crush 
test  simulates  a  lightning  strike  in  the  vicinity 
of  a  cable,  not  a  direct  strike.  The  degree  of 
physical  damage  to  the  cable  is  a  function  of  the 
electrical  and  circumferential  conductivity  of 
the  sheath  and  crush  resistance  of  the  cable  core 
design.  The  higher  the  conductivity  of  the 
shield  or  armoring,  the  greater  the  crushing 
effects.  The  longitudinal  current  test  simulates 
the  ability  of  a  cable  (with  metallic  components) 
to  withstand  very  high  levels  of  surge  current. 
The  cable's  ability  to  quickly  dissipate  this 
current  following  a  lightning  strike  helps  to 
minimize  the  damage  caused  by  further  arcing, 
burning  or  charring.9  The  arc  discharge  or  "sand 
box"  test  simulates  a  direct  lightning  strike  to 


buried  cables.  Both  the  cables'  ability  to 
withstand  extremely  high  crushing  forces  and 
carry  high  levels  of  surge  current  are  evaluated 
in  this  test.  Although  there  is  still  much 
discussion  as  to  the  accuracy  of  these  tests  and 
how  they  relate  to  the  real  world,  there  has  been 
a  consensus  in  the  cable  industry  that  the 
proposed  sand  box  test  is  the  most  difficult  test 
to  pass  with  even  today's  best  cable  designs. 
Based  on  this  fact,  the  sand  box  test  was  chosen 
for  our  evaluation. 

The  sand  box  test  was  originally  developed  by 
Bell  Laboratories  in  the  1960's.  Since  then, 
variations  of  this  test  have  used  different  box 
sizes  and  cable  grounding  methods.  Studies  have 
shown  that  the  only  difference  in  results  of 
these  tests  is  dependent  on  the  location  of  the 
cable  ground.  Typical  placement  of  the  ground  is 
either  inside10,11,12  (in  direct  contact  with  the 
wet  sand)  or  outside  of  the  test  box.  Tests 
performed  where  the  ground  is  located  inside  the 
box  allow  for  some  portion  of  the  current  to 
bypass  the  cable  by  flowing  through  the  wet  sand 
to  ground.  Results  where  cables  were  tested  with 
the  ground  electrode  inside  the  box  show  less 
damage  than  when  the  electrode  is  located  outside 
of  the  test  box.  No  significant  difference  in 
test  results  can  be  correlated  to  the  size  of  the 
test  box  alone.  Current  Bellcore  requirements  and 
proposals  for  an  EIA  test  method  require  cables 
to  be  grounded  outside  of  the  test  box. 


THE  EXPERIMENT 

The  most  common  concerns  today  in  buried  cable 
environments  are  both  lightning  and  mechanical/ 
rodent  protection.  Field  results  have  shown  that 
the  best  rodent  protection  is  provided  by  a  steel 
tape  armored  cable  design.  Maximum  mechanical 
and  rodent  protection  is  achieved  by  using  a 
double  steel  tape  armored  cable  design.  Single 
jacketed  all-  dielectric  "duct  style"  cables  are 
usually  not  considered  for  direct  buried 
applications  because  of  their  generally  lower 
mechanical  performance  characteristics  and 
vulnerability  to  attack  by  rodents. 

The  objective  of  this  study  was  to  evaluate  cur¬ 
rently  available  buried  cable  sheath  construc¬ 
tions,  and  if  possible,  establish  upper  limits 
(maximum  current  levels)  for  their  practical  use. 
Today's  most  popular  fiber  optic  cable  sheath  de¬ 
signs  for  direct  buried  applications  are  the  cross 
ply  with  steel/copper  armoring,  the  double  jacket 
(polyethylene)/single  steel  tape  armored,  and  the 
triple  jacketed/double  steel  tape  armored  designs. 

Previous  lightning  studies  have  been  performed  on 
all  of  the  above  listed  cable  types.13,11,15,16 
Maximum  current  discharge  levels  ranged  from  50 
kA  to  145  kA.  These  results  indicate  that  for 
lightning  current  levels  above  110  kA,  only 
dielectric  core  double  jacketed  steel  armored  and 
triple  jacketed  double  steel  armored  cable 
designs  prevent  significant  damage  to  the  cable 
core.  Based  on  this  performance,  these  designs 
were  selected  for  our  study,  Figures  3  and  4. 
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RESULTS 

Both  single  armored  and  double  armored  cable 
designs  significantly  exceeded  the  maximum 
Bellcore  requirement  of  105  kA  for  lightning 
damage  susceptibility.  Throughout  all  of  the 
testing,  100%  of  the  fibers  remained  continuous. 
As  reported  in  previous  studies,  the  damage 
mechanisms  appeared  to  be  a  combination  of  minor 
crushing,  charring,  melting  of  the  jacket,  and 
vaporizing  of  the  steel  armor.  These  results  are 
consistent  with  the  informal  surveys  obtained 
from  other  researchers,  cable  maintenance  crews 
and  field  damage  reports. 


SUMMARY  OF  LIGHTNING  TEST  RESULTS 


For  each  sample  tested,  every  layer  of  outer 
sheath  (polyethylene  jacket  and  armor)  was 
removed  and  photographed  following  the  strike. 
No  significant  damage  occurred  to  the  inner 
sheath  or  core  on  single  or  double  armored  cables 
tested  up  to  115  kA.  Only  the  outer  jackets  and 
armor  were  penetrated  on  both  the  single  and 
double  armored  sheath  designs  at  current  levels 
as  high  as  150  kA.  At  higher  current  levels,  229 
kA,  only  minor  damage  occurred  to  the  inner 
jacket  on  the  single  armored  design.  In  all 
cases,  the  double  armored  design  suffered  less 
damage  than  the  single  armored  design.  None  of 
the  samples  tested  exhibited  any  significant 
damage  to  the  cable  core.  Testing  did  not  exceed 
229  kA  due  to  equipment  limitations. 


Single  Armored  Designs 
Current  Levels  Results 


70 

kA 

Minor  abrasions  to  inner  jacket, 
no  fiber/core  damage 

115 

kA 

Minor  abrasions  to  inner  jacket, 
no  fiber/core  damage 

150 

kA 

Slight  melting  and  abrasions  to 
inner  jacket,  no  fiber/core  damage 

185 

kA 

Slight  melting  and  pinhole  in 
inner  jacket,  no  fiber/core  damage 

229 

kA 

Abrasions  and  holes  melted  in 
inner  jacket,  no  fiber/core  damage 

Double  Armored  Designs 


Current  Levels 

Results 

72 

kA 

No  inner  jacket  damage,  no  fiber/ 
core  damage 

112 

kA 

No  inner  jacket  damage,  no  fiber/ 
core  damage 

136 

kA 

Minor  abrasions  to  inner  jacket, 
no  fiber/core  damage 

226 

kA 

Minor  abrasions  to  inner  jacket, 
no  fiber/core  damage 

TABLE  2 

Closer  examination  of  the  cable  samples  revealed 
that  the  damage  was  concentrated  to  the  point 
where  the  current's  energy  was  transferred  to  the 
steel  armor.  No  physical  damage,  melting,  or 
burning  occurred  away  from  this  point.  Surface 
damage  to  both  the  Siecor  single  and  double 
armored  sheath  designs  was  the  same  for  similar 
current  levels.  Also  as  expected,  the  damage  to 
both  designs  became  slightly  worse  as  the  current 
I  levels  were  increased. 


Justifiably,  questions  exist  about  the  lightning 
damage  performance  of  cables  that  employ  more 
than  one  metallic  element  (for  example,  steel 
armor/steel  central  member  or  steel  wire  type 
armored  cable  constructions.18)  In  order  to 
•address  these  concerns  and  establish  a  formal 
baseline  for  further  studies,  a  Siecor  steel 
armored  steel  central  member  design,  Figure  6, 
and  a  steel  armored  twisted  pair  design,  Figure 
7,  were  tested  to  the  maximum  Bellcore 
performance  requirements.  Results  show  only 
minor  inner  jacket  abrasions  and  no  core  damage 
on  cables  tested  at  current  levels  as  high  as  112 
kA.  All  designs  tested  performed  equally  well  in 
comparison  to  their  all -dielectric  core 
counterparts.  Based  on  the  performance  seen  in 
these  tests,  we  expect  Siecor  designs  to 
withstand  significantly  higher  levels  of 
lightning  discharge  current.  Double  armored 
designs  are  expected  to  perform  better  than 
single  armored  designs. 


Siecor  Single  Armored 
Mini-Bundle  Cable 
with  Steel  Central  Member 


Strength  Member 

Interstitial  Fifling 
Loose  Buffer  Tube 


■Polyethylene  Sheath 

Corrugated  Co- Polymer 
Coated  Steel -Tape 
Armor 

Polyethylene  Sheath 


Note;  This  Illustration  is  Not  to  Scale 


Figure  6 


International  Wire  &  Cable  Symposium  Proceedings  1988  203 


References 


Siecor  Single  Armored 
Mini-Bundle  Cable  with  Twisted  Pair 


Note;  This  illustration  is  Not  to  Scale 


Dielectric  Central 
Member 

Fiber  Bundle 

Strength  Member 

Loose  Bo  Her  T  ube 

Interstitial  Filling 

Polyethylene  Sheath 

Copper  Twisted  Pair 

Corrugated  Co- Polymer 
Coated  Steel  Tape 
Armor 

Polyethylene  Sheath 


Figure  7 

Most  lightning  sti  "Hes  have  concentrated  on  the 
performance  of  outer  cable  sheath  designs. 
Cables  with  longitudinally  applied  copolymer 
coated  steel  armor  have  consistently  shown 
superior  lightning  performance  to  other 
sheath/armor  options  in  all  types  of  lightning 
test  evaluations.  As  shown  by  our  results,  the 
dominant  damage  mechanisms  of  lightning  strikes 
are  both  severe  mechanical  crushing  and  thermal 
effects.  It  is  our  belief  that  the  crush 
resistance  and  thermal  properties  of  the  core 
materials  are  as  important  as  the  sheath  design 
in  providing  cable  lightning  damage  protection. 
Consequently,  cable  lightning  performance  can  be 
improved  by  the  selection  of  more  crush 
resistant,  higher  temperature  core  materials. 


CONCLUSIONS 

Benefits  of  these  results  to  the  user  are 
significant.  It  has  been  shown  that  many 
kilometers  of  currently  installed  Siecor  single 
and  double  armored  cable  designs  perform  well  in 
excess  of  the  Bellcore  TR-20  requirements. 
Furthermore,  based  on  the  superior  performance  of 
the  double  armored  design,  we  expect  Siecor 
double  armored,  triple  jacket  designs  to  perform 
well  in  excess  of  230  kA  without  sustaining 
significant  damage  to  the  cable  core.  Under  no 
ci rcumstances  did  the  current  levels  tested  in 
this  study  induce  cable  damage  that  would  cause 
system  failure. 

Major  concerns  in  buried  cable  applications  are 
lightning  and  mechanical/rodent  protection. 
Given  this,  the  results  of  this  study  show  that 
Siecor  double  armored  cable  provides  the  optimum 
lightning  and  rodent  protection  for  buried 
appl ications. 
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PERFORMANCE  OF  OPTICAL  FIBRE  CABLES  AND  OPERATIONS  AND  MAINTENANCE  PROCEDURES  IN  THE 
AUSTRALIAN  TELECOMMUNICATIONS  NETWORK 


L.  KISS 


TELECOM  AUSTRALIA,  MELBOURNE,  AUSTRALIA 


ABSTRACT 


Telecom  Australia  has  turned  to  digital 
techniques  for  the  development  of  its 
network.  Optical  fibre  transmission 
systems  form  the  high  capacity  backbone 
routes  for  the  digital  traffic. 

With  the  advent  of  the  new  technology 
associated  with  the  use  of  optical  fibre 
systems  and  the  strategic  importance  of 
these  high  capacity  routes,  specific 
procedures  must  be  implemented  to  ensure 
the  cable's  effective  operation  and 
performance. 

This  paper  briefly  describes  Telecom 
Australia's  optical  cable  network  and 
details  its  performance  using  the  co-axial 
cable  network  as  one  basis  for  comparison. 
Details  of  the  operations  and  maintenance 
philosophy  currently  being  impiemci..~d 
throughout  the  network  are  also  provided. 


INTRODUCTION 


Optical  fibre  cables  have  been  in  routine 
use  in  the  Australian  network  for 
approximately  four  years,  although,  there 
were  some  early  optical  cable  trial 
installations  which  were  installed  ten 
years  ago, 

During  the  introduction  of  these  systems 
considerable  effort  was  Riven  to  the 
development  of  external  plant  items,  cable 
designs  and  installation  practices. 
Success  in  these  activities  is  confirmed 
with  the  satisfactory  installation  of 
approximatley  6,000  sheath  kilometres  (skm) 
of  optical  fibre  cable. 

In  relation  to  the  longer  term  aspects  of 
the  operation  of  fibre  systems,  operations 
and  maintenance  issues  were  not  as  well 


organised  and  only  the  immediate  concern  of 
emergency  fault  restoration  had  been 
addressed.  To  correct  this  situation  a 
comprehensive  operations  and  maintenance 
manual  was  prepared  in  1987  and  was 
nationally  implemented  early  in  1988.  The 
manual  equips  field  management  and 
supervisory  staff  with  the  necessary 
information  to  effectively  operate  and 
maintain  these  cable  systems  and  react  to 
emergency  needs  in  the  required  time  frame  . 

Fault  statistics  confirm  that  fibre  cable 
is  performing  better  than  any  other  cable 
bearer.  It  also  confirms  Telecom 
Australia’s  decision  to  use  a  non-metallic 
cable  for  lightning  Immunity  reasons.  An 
analysis  of  the  fault  causes  indicates  that 
optical  cables  are  following  a  similar 
pattern  to  other  cables.  Furthermore,  if 
the  optical  cable's  improved  performance  is 
to  be  maintained,  acceptance  and  adoption 
of  the  practices  detailed  In  the  manual 
will  have  to  be  vigorously  pursued. 

THE  AUSTRALIAN  OPTICAL  FIBRE  CABLE  NETWORK 


Application  of  Optical  Cables 

Since  1984  the  use  of  optical  fibre  cable 
systems  in  the  Australian  telecommuni¬ 
cations  network  has  increased  at  an 
explosive  rate.  This  has  been  due  to  the 
reducing  cost  of  singlemode  optical  fibre 
(SMOF)  cable,  the  availability  of  suitable 
cable  ploughing  techniques  and  the  need  to 
economically  satisfy  the  rapidly 
accel  rating  demand  for  digital  bearers. 
Current  applications  for  optical  fibre 


cable  in  Telecom 
for; 

Australia 

's  network 

are 

.  Inter-exchange 

routes, 

both  short 

and 

long  haul ; 

.  The  customer 

access 

network 

for 

wideband  services;  and 
Special  applications. 


206  International  Wire  &  Cable  Symposium  Proceedings  1988 


1 


i 


Early  installations  were  confined  to 
metropolitan  areas.  However,  since  1985 
major  long  haul  project  work  has  comprised 
approximately  50%  of  the  total  usage  of 
optical  fibre  cable.  The  remainder  is 
shared  between  the  major  urban  areas  and 
minor  rural  trunk  installations.  Unless  a 
major  change  occurs,  such  as  optical  fibre 
being  routinely  provided  in  the  residential 
network,  this  pattern  is  expected  to 
continue  into  the  early  1990's.  Annual 
quantities  of  optical  fibre  cable  and  the 
general  areas  of  application  are  provided 
in  Table  1. 

Initially  all  optical  fibre  cable 
installations  utilised  MMOF  in  the  urban 
area.  With  the  push  to  higher  bandwidths, 
the  availability  of  suitable  SMOF  cable 
ploughing  techniques  in  198  5  (Reference  1), 
and  the  ready  availability  of  transmission 
equipment  in  1986,  a  rapid  changeover  to 
SMOF  was  made;  this  is  detailed  in 
Table  2.  A  Central  Business  District 
application  using  MMOF  was  established  in 
1986  and  has  been  previously  reported, 
(Reference  2).  A  number  of  other  CBD 
installations  now  utilise  SMOF  cable.  The 
use  of  SMOF  cable  in  the  residential  area 
is  currently  being  investigated 

(Reference  3)  and  two  trials  are  currently 
in  progress  in  Melbourne  and  Sydney.  In 
each  trial  area  approximately  100  customers 
have  been  cabled  with  fibre  to  provide 
basic  and  enhanced  telephone  services.  The 
next  phase  of  the  trial  due  to  commence 
late  in  1988  will  include  interactive 
broadband  services  and  video  services. 
Plans  are  also  currently  being  finalised 
which  may  result  in  the  routine  use  of 
fibre  in  significant  quantities  for  an 
interactive  video  application. 

Major  Projects 

It  is  planned  that  by  the  early  1990' s  all 
mainland  capital  cities  in  Australia  will 
be  linked  with  a  high  capacity  single  mode 
optical  fibre  network.  Duplication  of  this 
inter  capital  network  is  planned  for 
completion  by  the  mid  1990's.  This  will 
provide  Telecom  Australia  with  an 
intercapital  network  capable  of  meeting 
both  the  expected  interstate  traffic  growth 
well  into  the  1990' s,  and  the  route 
security  needs  of  its  key  and  major 
customers  by  route  diversity.  Details  of 
major  projects  currently  planned,  under 
construction,  or  completed,  are  given  in 
Table  3  and  illustrated  in  Figure  1  and  has 
been  previously  reported,  (Reference  41. 


TABLE  1  -  OPTICAL  FIBRE  CABLE  APPLICATIONS 


f  TKf;  i'ro-..5o^c> 


TABLE  2  -  RELATIVE  USE  OF  MMOF  AND  SMOF 


£  jnr  .  :  rv/r  '  [-'r  .  1  *■  ■ 


1 


4 


1 


1 
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TABLE  3  -  MAJOR  SINGLE  MODE  PROJECTS  IN  AUSTRALIA 


Darwin- 

Katherine 

Melbourne 

-Sydney 

Tenant  Creek- 
Adelaide 

Perth- 

Adelaide 

Adelaide-Melb- 

Sydney-Brisbane 

Route  Length  (km) 

330 

1000 

2100 

2600 

3100 

Nominal  Fibre  Count 

8 

30 

8 

14 

16 

Fibre  Kilometers  (Fkm) 

3000 

32  000 

27500 

37500 

88000 

Initial  Capacity  (Mbit/s) 

140 

140-565 

140 

565 

565 

In-Service  Date 

Oct  1986 

Nov  1987 

July  1988 

Oct  1989 

May  1991 

PERFORMANCE  OF  THE  NETWORK  Optic  Fibre  Cable  Comparative  Performance 


Fault  Recording  and  Categories 

To  monitor  its  external  plant  component  of 
the  optical  fibre  cable  network  Telecom 
Australia  has  implemented  a  system  whereby 
specific  reporting  procedures  are  followed 
in  the  event  of  a  cable  fault.  A  report 
must  be  completed  for  any  ccble  fault 
whether  or  not  system  outage  occurs. 

Faults  are  categorised  on  the  basis  of 
their  cause  and  this  information  is  used  as 
an  indicator  of  the  suitability  of  the 
cable  designs,  installation  techniques, 
training  and  effectiveness  of  Telecom 
Australia's  operations  and  maintenance 
procedures.  The  broad  classification  of 
these  fibre  fault  categories  are:  Outside 
Authority,  Natural  Causes,  Manufacturer, 
Installation,  Post-installation  and  Unknown. 


FIG.  1.  Inter  Capital  Network  in  Australia 


In  attempting  to  quantify  the  performance 
of  optical  fibre  cables,  a  comparison  has 
been  made  with  co-axial  cable  as  these 
cables  at  the  time  of  installation  were  the 
highest  capacity  cable  bearers  in  use,  are 
installed  in  similar  areas  of  the  network 
and  were  jointed  by  specialist  groups 
displaying  a  high  degree  of  care  and 
expertise.  A  further  feature  of  the 
co-axial  cable  network  is  its  ertective 
fault  performance  reporting  system. 
Table  4  provides  a  comparison  between  these 
cables. 

In  analysing  this  comparative  performance 
it  should  be  noted  that  currently  a  low 
penetration  of  working  fibres  exist  in  most 
optical  cables.  Also  extensive  use  is  made 
of  optical  fibre  cable  protection  systems 
which  protect  the  operating  system  in  case 
of  both  fibre  cable  and  equipment  faults. 
For  these  reasons  both  fibre  faults  and 
actual  outages  are  considered.  It  is 
readily  concluded  from  Table  4  that 
irrespective  of  whether  actual  outages  or 
all  fibre  faults  are  considered,  the 
current  performance  of  optic  fibre  caDle  is 
most  favourable  when  compared  with  the 
proven  good  performance  of  co-axial  cable. 
Some  allowance  however  could  be  made  for 
the  fact  that  the  optical  network  is 
nowhere  near  as  'aged'  as  the  co-axial 
cable  network,  however  little  evidence  of 
this  can  be  found  from  faults  categorised 
under  Natural  Causes  and  Unknown 


To  explain  this  relatively  good  performance 
of  optical  fibre  cables  an  analysis  of  the 
co-axial  cable  faults  was  performed. 
Findings  indicate  that  the  majority  of 
co-axial  cable  faults  are  attributable  to 
the  'human'  element  (65X)  and  the  remainder 
to  natural/undetermined  causes.  Current 
optic  fibre  experience,  although  limited, 
generally  confirms  this  trend. 


208  International  Wire  &  Cable  Symposium  Proceedings  1988 


TABLE  4  ~  FAULT  ANALYSIS;  CO-AXIAL  CABLE  VS  OPTICAL  FIBRE  CABLE 
1985  TO  JULY  1988 


Av.  Annual  Skm  (Operational)  Co-axial  Optical  Fibre 

11,000  3057 


Ratio  of  co-axial  to  optical 

actual 

4.3:1 

fibre  faults  (Normalised) 

outages 

all 

_ 

faults 

1.6:1 

Notes:  1  Normalised  to  their  respective  average  Annual  operational  Skm. 


2.  All  co-axial  cable  faults  caused  some  outage  whereas  for  fibre  only  35% 
resulted  in  outages. 


3.  Co-axial  cable  is  an  'aged'  network  compared  to  optical  caole 

4.  Most  optical  systems  have  protection  as  well  as  spare  fibres  available. 


The  analysis  also  confirms  Telecom 
Australia's  decision  to  standardise  upon 
the  use  of  non-metalllc  optical  fibre 
cable.  The  comparative  fault  rate  of 
co-axial  cable  faults  due  to  lightning  is 
significantly  higher  than  for  optical 
cables  even  when  allowing  for  the  relative 
quantities  of  each  cable  in  service. 

As  both  co-axial  and  optical  cables  are 
installed  under  similar  conditions,  no 
practical  difference  between  these 
categories  of  faults  should  exist.  This  is 
partly  confirmed  by  the  fact  that  the 
predominant  fault  cause  for  both  cable 
types,  the  human  element,  is  similar. 
Differences  do  however  exist,  and  may  be 
attributable  to  the  difference  in  inherent 
material  failures,  in  the  actual 
installation  techniques  and/or  to  the 
possibility  of  a  statistical  'abberatlon' 
caused  by  the  significantly  different 
sample  size. 

It  is  postulated  that  a  correlation  between 
the  two  cable  types  does  exist.  Unless  the 
installation  and  operation  and  maintenance 
of  optical  fibre  cable  is  improved  beyond 
that  performed  on  co-axial  cable  systems  it 
can  be  expected  that  the  performance  of 
optical  cable  will  tend  to  that  of  co-axial 
cables.  It  is  therefore  imperative  that  an 
improved  operations  and  maintenance  plan  be 
adopted  for  optical  fibre  cables. 


OPERATIONS  AMD  MAINTENANCE  PROCEDURES 
Early  Experience 

Prior  to  1987,  Telecom  Australia's  cable 
designs  and  installation  materials/ 
techniques  were  in  a  developmental  stage. 
This  was  reflected  in  an  ad  hoc  approach  to 
the  restoration  of  faulty  cables.  Various 
publications  were  prepared  on  specific 
issues  of  emergency  repair,  but  no  overall 
plan  had  been  considered.  Since  then 
however,  designs/techniques  have  been 
rationalised  to  the  point  where  a 
meaningful  nationwide  Operations  and 
Maintenance  plan  could  be  considered.  With 
the  rapid  expansion  in  the  use  of  optical 
cables,  and  their  strategic  importance  in 
the  digital  network,  an  Increasing  need  for 
an  effective  operations  and  maintenance 
plan  became  apparent. 

Particular  problems  also  arose  from  Telecom 
Australia's  cable  maintenance  group  who  are 
generally  non-specialist  operational  staff 
and  are  a  different  group  to  the  optical 
cable  installation  staff.  The  installers 
become  familiar  through  training  and 
constant  exposure  to  optical  fibre 
technology  whereas  the  maintenance  staff 
receive  only  initial  training  with  little 
or  no  continuing  exposure.  This  situation 
in  an  emergency  repair  situation  was 
further  exacerbated  with  the  cable  testing 
staff  being  a  separate  group. 
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With  the  installation  of  the  first  major 
long-haul  optical  cable  in  the  remote  north 
Australian  region  the  lack  of  any 
particular  maintenance  plan  for  this  and 
other  similar  projects  under  construction 
also  became  obvious. 

Because  cable  design  and  installation 
techniques  were  basically  set,  this,  to  a 
large  extent,  dictates  the  fault  rate.  It 
was  therefore  considered  that  to  improve 
the  plants'  performance,  effort  was 
required  to  establish  an  effective  plan 
which  would  ensure  that  service  restoration 
times  could  be  kept  to  a  minimum.  This  was 
required  to  be  achieved  on  both 
metropolitan  and  remote  long-haul  routes 
through  effective  planning  and 

implementation  by  the  available 
non-specialist  maintenance  staff. 

National  Plan 

In  late  1986  all  of  these  issues  together 
with  the  routine  operations  and 
surveillance  Issues  were  recognised.  In 
1987,  they  were  addressed  and  a  single 
comprehensive  document  detailing  a  complete 
plan  for  the  external  plant  operations  and 
maintenance  requirements  of  optical  fibre 
cables  was  prepared.  In  addition  to  the 
technical  details  required  in  restoring 
service,  all  other  related  issues  are 
included  such  as  organisational  and  support 
needs,  restoration  targets,  ongoing 
training,  strategic  surveillance  etc. 

The  '  targe  tted*  user  of  the  manual  was 
identified  as  external  plant  managerial 
staff,  field  supervisors  and  in  particular 
the  individuals  assigned  the  responsibility 
for  fault  restoration.  A  more  practically 
oriented  version  was  also  prepared  for  all 
other  maintenance  field  staff. 

In  early  1988  implementation  was  commenced 
by  identifying  all  key  personnel  and 
instructing  them  of  their  resposibilities 
and  familiarising  them  with  the  content  of 
the  manual. 

The  contents  of  the  manual  is  detailed  in 
Table  5.  Some  significant  features 
included  in  the  various  sections  of  the 
manual  are  as  follows: 

.  Local  Organisation.  Full  details  of 
all  staff  groups  (including  emergency 
telephone  numbers)  together  with  their 
resposibilities  are  provided  for  all 
fault  repair  work  activites  including, 
fault  identification  and  reporting, 
emergency  repair,  transmission 

measurements  and  permanent  repair. 


.  Restoration  Targets.  Minimum 

restoration  times  are  provided  as  a 
guide  to  fault  staff. 

.  Quality  Assurance  of  Installation 

Practices.  On  the  premise  that  'no 
amount  of  maintenance  effort  can 
overcome  inherent  design  and/or 
installation  deficiencies' 

recommendations  are  provided  on  design 
details  and  installation  standards  for 
both  initial  and  subsequent 
installs  t  ions. 

.  Fault  Notification  and  Action. 

Simplified  flow  diagrams,  are  provided 
for  the  procedures  which  should  be 
followed  during  cable  restoration. 
Action  options  available  are  also 
provided. 

.  Repair  Techniques.  Included  In  this 

section  is  a  recommendation  on  the  use 
of  a  (rapidly  deployable)  interuption 
cable  for  those  instances  where  a 
difficult  area/situation  needs  to  be 
by-passed. 

.  Maintenance  Equipment  and  Spares. 

Recommendations  are  provided  for  the 
holding  and  storage  aspects  of 
external  plant  material  which  must  be 
held  at  strategic  locations  to  enable 
the  restoration  of  cable  within  the 
suggested  times. 

.  Training.  Both  initial  and  ongoing 

training  requirements  are  detailed. 
Ongoing  training  is  most  important  as 
in  zero/low  fault  incidence  areas  some 
skills  may  be  lost  as  they  are  not 
utilised  in  routine  day  to  day 
Installation  activities. 

.  Major  Routes.  Due  to  the  importance 

and/or  isolation  of  some  routes, 
spetial  onerst- ions  and  maintenance 
plans  have  been  prepared  for  these 
routes.  Details  are  provided  and 
brought  to  the  attention  of  the  user. 

Since  the  issue  of  the  manual  practical 
application  has  confirmed  the  satisfactory 
outcome  and  operation  of  the  principles  and 
organisational  arrangements  provided  in  it. 

The  manual  has  been  well  received  and  its 
effectiveness  in  containing  faults  on 
optical  fibre  cables  to  a  low  level  will 
continue  to  be  monitored. 
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TABLE  5  “  CONTENTS  NATIONAL  EXTERNAL  PLANT 
OPTICAL  FIBRE  CABLE  OPERATIONS  AND 
MAINTENANCE  MANUAL 

1  LOCAL  ORGANISATION 

2  RESTORATION  TARGETS 

3  QUALITY  ASSURANCE  OF  INSTALLATION 
PRACTICES 

4  ROUTINE  MAINTENANCE  AND 

RESPONSIBILITIES 

5  ROUTE  MARKINGS  AND  PLANS 

6  FAULT  NOTIFICATION  AND  ACTIONS 

7  FAULT  LOCATION 

8  CABLE  DESIGN 

9  REPAIR  TECHNIQUES  AND  OPTIONS 

10  MAINTENANCE  EQUIPMENT  SPARES  AND 
STORAGE 

U  TRAINING 

12  SAFETY  ASPECTS 

13  MAJOR  ROUTES 
Rapidly  Deployable  Cable 

In  providing  cable  for  the  temporary 

restoration  of  service,  a  number  of 
alternatives  are  available.  Depending  upon 
the  actual  situation  the  following  may  be 

used  : 


.  A  spare  length  of  conventional  cable 

.  Rapidly  deployable  cable 

.  A  length  of  fibre  for  'piecing-in'  at 
the  repair  joint. 

The  majority  of  requirements  may  be 
satisfied  by  the  spare  length  of  fibre  or 
cable  options  but  under  certain  conditions 
a  specially  designed  rapidly  deployable 
cable  may  be  required  to  provide  the 
optimum  solution.  A  design  for  such  a 
cable  has  been  prepared  and  is  available 
for  use. 

The  cable  design  proposed  has  the  following 
features  : 

.  Lightweight;  20kg/km 

.  Small  diameter;  6mm 

Robust,  uncomplicated  construction 
.  Non  metallic 

.  2km  drumlength  (handled  by  one  person) 


This  cable  is  available  in  fibre  counts  of 
up  to  10  fibres.  Larger  fibre  count 
requirements  are  met  by  the  use  of  more 
than  one  cable.  Details  of  the  design  are 
provided  in  Fig.  2. 


FIG.  2  -  RAPIDLY  DEPLOYABLE  CABLE 
CROSS -S  ECT.tON 


A  more  basic  approach  has  been  used  by  the 
use  of  single  fibre  cord.  The  fibre  is 
used  in  a  similar  fashion  to  the 
'piecing-in'  procedure  but  as  the  fibre  is 
protected  it  can  be  used  in  long  lengths  to 
temporarily  by-pass  a  faulty  section  of 
cable.  A  major  disadvantage  of  this 
approach  is  its  high  cost. 

A  practical  application  and  assessment  of 
the  rapidly  deployable  cable  has  not 
occurred,  as  there  have  been  no  occurrences 
of  mechanical  damage  requiring  rapid 
restoration. 

Cone lusion 


Telecom  Australia's  optical  fibre  cables 
ar«  currently  performing  better  than  any 
other  cable  bearer  used  in  its  network.  An 
analysis  of  the  fault  causes  on  optical 
fibre  cables  indicates  that  a  similarity 
exists  with  co-axial  cable.  it  Is  expected 
that,  if  left  'unchecked'  optical  fibre 
cables  performance,  will  in  time,  tend  to 
that  of  co-axial  cables. 

An  analysis  of  lightning  related  faults  lias 
confimed  the  advantages  of  the  previously 
reported  decision  by  Telecom  Austr;lia  to 
standardise  upon  the  use  of  non-metajlic 
cables.  The  largest  contributor  to  cable 
faults  however  remains  to  be  tne  hunxin 
factor . 


I 
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With  the  increasingly  strategic  importance 
of  optical  fibre  cable  in  the  digital 
network  an  innovative  external  plant 
operations  and  maintenance  plan  has  been 
prepared  by  Telecom  Australia  to  ensure 
that  service  restoration  times  will  be 
minimised.  The  plan  also  provides  for  the 
continuing  operations  and  surveillance 
requirements  of  the  optical  cables. 

The  plan  is  included  in  a  single  document 
and  is  applicable  to  both  metropolitan  and 
remote  long-haul  installations.  With  its 
recent  implementation  throughout  Telecom 
Australia  it  is  expected  that  the 
performance  of  optical  fibre  cables  should 
be  maintained  at  or  below  the  current  fault 
performance  levels. 
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Abstra  X 

The  long-term  reliability  in  silica  based 
optical  fibers  is  extremely  important  for  the 
fiber  optic  system  performance  over  its 
lifetime.  The  two  major  reliability  issues 
are  considered  in  this  paper.  The  mechanical 
reliability  which  includes  the  strength  and 
static  fatigue  and  the  radiation  response  on 
optical  losses  are  discussed.  The  optical 
performance  reliability  and  the  hydrogen 
induced  optical  losses  should  also  be 
considered  for  the  total  fiber  optic  system 
rel iability. 


1.0  Introduction 

The  reliability  in  silica  based  optical  fiber 
is  of  great  interest  trom  the  point  of  view  of 
its  applications  in  different  environment. 
Two  major  areas  o  „  concern  are  the  mechanical 
reliability  and  the  radiation  induced  optical 
losses . 

2.0  Mechanical  Reliability 

The  mechanical  reliability  is  mainly  related 
to  strength  and  static  fatigue.  The  strength 
is  important  for  mechanical  reliability  in 
cable  construction,  installation  and  services 
for  telecommunication  industries  where  the 
proof-test  level  (which  c  in  usually  guarantee 
the  minimum  strength  of  entire  length  of 
optical  fiber)  is  typically  50-80  kpsi.  In 
military  applications,  where  the  proof-test 
level  is  in  excess  of  200  kpsi,  the  strength 
of  fiber  is  important  for  high  speed  payout  of 
optical  fibers  and  for  ruggedized  cables.  The 
static  fatigue  is  important  for  long-term 


reliability  of  fibers  in  storage  and  services 
particularly  in  presence  of  moist  environment. 
The  initial  high  strength  of  optical  fiber 
degrades  under  stress  with  time  in  presence  of 
moisture  due  to  static  fatigue. 

2.1  Strength 

The  tensile  strength  of  glass  fiber  is  mainly 
governed  by  the  random  distribution  of  small 
flaws  on  the  surface  and  inside  the  fiber. 
The  tension  on  the  fiber  enlarges  the  flaw  to 
a  critical  size  for  failure.  The  theoretical 
strength  of  silica  grass  fiber  is  nearly  3 
million  psi.  One  to  two  million  psi  strength 
was  measured  in  a  dry  liquid  nitrogen 
environment.  The  average  strength  of  silica 
based  optical  fiber  Is  around  800  kpsi  at  room 
temperatuie  and  at  ambient  humidity.  Lower 
strengths  are  reported  when  measured  on  longer 
length  fibers.  The  variability  in  strength 
distribution  can  be  explained  by  the 
Griffith's  theory  of  brittle  fracture.  The 
strength  is  inversely  proportional  to  the 
square  >-oot  of  flaw  size.  Typical  flaw  size 
for  a  100  kpsi  fiber  strength  is  0.8  micron, 
wtvreas  for  a  500  kpsi  strong  fiber,  the  flaw 
size  is  only  350  angstrom.  The  flaws  are 
distributed  randomly  along  the  length  of 
liber.  The  probability  of  finding  a  larger 
flaw  is  greater  in  longer  length  of  fiber.  A 
typical  strength  distribution  (Weibull  plot) 
is  shown  in  Figure  1. 


STflEMTH  Intel) 


Figure  1.  A  Typical  Weibull  Plot 
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2.2  Proof-Testing 


The  slope  of  the  probability  vs  strength  plot 
gives  the  Weibull  parameter  (m-value).  The 
step  1  portion  of  this  bimodal  strength 
distribution  plot  has  considerably  higher  ra- 
value  than  the  step  2  portion.  The  higher  ni¬ 
val  u  e  indicates  the  narrower  flaw 
distribution.  For  a  reliable  product,  the 
fibers  with  step  l  type  strength  distribution 
is  preferable.  The  following  four  processes 
are  mainly  used  to  fabricate  silica  based 
optical  fibers: 

1)  Outside  vapor  deposition  (OVD) 

2)  Modified  chemical  vapor  deposition  (MCVD) 

3)  Vapor  phase  axial  deposition  (VAD) 

4)  Plasma  chemical  vapor  deposition  (PCVD) 

Out  of  these,  the  MCVD  process  is  relatively 
simpler  and  used  extensively.  In  the  MCVD 
process,  glassy  layers  of  doped  silica  are 
deposited  inside  a  rotating  high  purity  quartz 
tube.  The  cladding  layers  are  first  deposited 
followed  by  the  core  layers.  After  the 
deposition,  the  central  hole  of  the  tube  is 
collapsed  at  a  high  temperature  to  a  solid  rod 
(called  preform).  Optical  fibers  are  drawn 
from  this  preform.  During  the  draw  process, 
the  bare  glass  is  protected  by  using  an  uv- 
cured  acrylate  polymer. 

To  assure  higher  strength,  the  flaw  sizes  have 
to  be  very  small.  The  flaws  are  mostly 
generated  by  the  particles.  The  sources  of 
these  particles  are: 

*  Quartz  tube 

*  Environments  for 

-  deposition  of  glass  layers  and 
collapsing  tube  during  preform 
fabrication 

-  drawing  and  coating  fibers 

-  proof-testing,  measurements  and 
splicing  fibers 

*  Unfiltered  polymeric  coating 

Other  types  of  flaws  are  bubbles,  scratches 
and  uncured  coating.  The  following  procedure 
can  help  in  minimizing  the  number  of  flaws  in 
fibers  for  a  reliable  high  strength  optica’ 
fiber  product: 

*  High  quality  defect  free  quartz  tubes 

*  Preform  fabrication,  drawing,  coating, 
proof-testing,  measurements  and  splicing 
in  clean  room  environments 

*  Use  of  filtered  polymers 

*  Use  of  right  combination  of  uv-curirig 
lamps  for  proper  coating  cure,  and 

*  Minimize  handling  related  damage  on  fibers 


From  the  point  of  view  of  different  optical 
fiber  applications,  minimum  guaranteed 
strength  in  long  length  fibeis,  rather  than 
strength  in  short  length  fibers  is  important. 
By  proof-testing  the  entire  length  of  fiber, 
one  can  guarantee  the  minimum  strength. 
Proof-testing  eliminates  the  flaws  larger  than 
the  critical  size  corresponding  to  the  proof- 
test  level. 

2.3  Static  Fatigue 

The  initial  strength  after  proof-testing  is 
reduced  due  to  long  term  stress.  It  is 
accelerated  particularly  in  presence  of 
moisture  due  to  stress  corrosion  (static 
fatigue)  by  the  interaction  of  water  molecule 
with  silica  glass  fiber  surface  (Si-O-Si  + 
H-OH  =  2SiOH).  There  are  mainly  three 
different  ways  to  improve  the  static  fatigue 
resistance  of  optical  fibers: 

1.  By  fabricating  very  high  strength 
fiber  containing  only  small  flaws 
that  will  not  grow  to  the  critical 
level  in  an  acceptable  time  under  a 
desired  stress  level 

2.  By  producing  a  surface  compressive 
stress  which  will  inhibit  the  flaw 
growth,  and 

3.  By  sealing  the  fiber  surface  from 
the  surrounding  environment  with  a 
hermetic  coating. 

Both  metallic  (such  as  A1 ,  Ni,  Sn ,  In,  Sb)  and 
dielectric  hermetic  coating  materials  (such  as 
oxides,  carbides,  nitrides)  are  successfully 
applied  on  optical  fibers.  Recently  there  are 
considerable  interests  in  carbon  coating  on 
optical  glass  fibers.  Static  fatigue 
parameter  (n-value)  which  is  a  measure  of 
fatigue  resistance  of  carbon  coated  fiber  is 
reported  to  be  greater  than  100  whereas  the 
n-value  of  standard  silica  based  optical  fiber 
is  only  20.  After  determining  the  static 
fatigue  parameter,  proof-test  level  (CTp),  the 
lifetime  (tmii)  can  be  calculated  (1)  from: 

tmin  =  B  (7pn_^  <Xa-n 

lnt  =  InB  +  jnCTp  -N ]n(Xa 
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Where  B  and  ti  are  constants ,0a  Is  the  applied 
stress.  Taking  n  =  22,  l n  B  = 1 5  mPa2*sec> 
0p»200kpsi,  and  Oa  =100kpsi ,  the  lifetime  can  be 
calculated  to  be  82  days.  When  the  applied 
stress  is  reduced  to  84  kpsi,  the  lifetime  can 
be  as  high  as  10  years.  The  accurate 
determination  of  B  and  n-values  are  very 
important  for  predicting  the  lifetime  of 
optical  fibers.  Therefore,  to  assure 
mechanical  reliability,  one  should  consider 
the  strength,  static  fatigue  test  for  short 
term  and  long  term,  design  diagram  of  lifetime 
prediction,  properties  and  performance  of 
polymeric  and  hermetic  coatings  and  the 
interaction  of  coatings  with  the  service 
environments . 

3.0  Radiation  Induced  Optical  Losses 

Optical  losses  increase  when  the  fiber  is 
exposed  to  nuclear  radiation  due  to  the 
formation  of  color  centers  in  the  core  of  the 
optical  fiber.  It  is  particularly  significant 
when  the  fiber  is  placed  in  service  at  low 
temperatures  due  to  slower  recovery  process  at 
low  temperature.  The  different  parameters 
responsible  for  increased  losses  due  to 
radiation  exposure  are  mainly  the  glass 
composition,  polymer  material,  cemperature, 
dose  rate,  total  dose,  time  of  exposure,  and 
operating  wavelength.  Figure  2  shows  the 
induced  loss  vs  the  wavelength  of  different 
glass  fiber  composition  when  exposed  to  cobalt 
60  source  for  one  hour. 


WAVELENGTH  (pm) 


Phosphorous  doped  silica  fiber  shows  the 
highest  loss  whereas  undoped  silica  and 
germania  doped  silica  fibers  show  the  lowest 
loss  at  1.5  micron  wavelength.  Plastic  clad 
silica  fibers  showed  low  radiation  induced 
losses  in  many  cases.  In  ultraviolet  cured 
polymeric  coating  on  glass  fiber,  the 
photoinit iators  can  absorb  gamma  radiation  and 
optically  damage  the  fiber.  Several  review 
articles  (2-4)  dealt  with  radiation  effect  on 
optical  fibers.  There  are  many  variables  that 
will  affect  the  optical  losses  in  different 
radiation  environments  and  one  should 
carefully  consider  those  variables  for 
determining  the  reliability  of  optical  fibers. 

4.0  Summary  and  Conclusions 

For  a  reliable  optical  fiber  product,  one 
should  consider  the  mechanical  and  optical 
reliability  besides  radiation  and  hydrogen 
induced  optical  losses.  In  mechanical 
reliability,  the  strength  and  static  fatigue 
are  very  important.  For  uniform  strength 
distribution  in  longer  length  of  optical 
fibers,  the  processing  and  handling  related 
defects  jhould  be  minimized.  To  improve 
static  fatigue  resistance,  hermetic  coating  on 
glass  fiber  is  considered.  Radiation  induced 
optical  losses  can  be  minimized  by  improving 
mainly  the  glass  arid  polymeric  compositions 
and  fiber  processing  parameters.  Hydrogen 
induced  losses  (5-8)  can  be  reduced  by 
selecting  the  right  organic  materials  in 
fibers  and  cables  which  do  riot  release 
hydrogen,  by  reducing  the  metallic  corrosion 
in  cables,  and  by  avoiding  the  exposure  of 
fiber  in  hydrogen  environment. 


Figure  2.  Radiation  induced  loss  vs. 
wavelength  of  different  glass  composition 
(from  re.  3). 
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ABSTRACT 

The  implementation  ot  a  new  technique  to'  lifetime  estimation  of 
optical  fibers  and  fibers  in  cables  required  the  development  of  an 
easily  accessible  method  tor  determination  of  the  fiber's  inert 
strength.  The  method  is  based  on  the  use  of  a  newly  developed 
instrument  for  high  strain-rate  tensile  testing  of  optical  fibers. 

The  features  of  the  method  are  presented  along  with  some 
Weibull  statistics  of  fiber  strength  for  a  wide  range  of  stress 
rates. 

The  method  further  advances  the  possibilities  to  map  fiber 
properties  in  the  early  stages  of  fatigue  in  various  environments. 
It  appears  to  be  a  promising  way  to  reduce  the  dependence  ot  data 
generated  in  process  of  fiber  drawing,  thereby  enhancing 
impartiality  during  a  qualification  process. 


Introduction 

The  design  of  oplical  fiber  cables  and  staled  limits  for  their 
bending  radii  and  pulling  forces  during  installation  are  intimately 
related  to  the  risk  of  failure  due  to  fatigue  cracking  of  the 
optical  fibers. 

At  the  Material  Laboratory  of  the  Swedish  Telecommunications 
Administration,  the  base  for  such  risk  management  is  presently 
the  Failure  Frequency  Technique,  which  has  been  applied  for  a 
couple  of  years  by  several  cable  manufacturers  1  The  technique 
has  obvious  advantages,  but  the  customer  is  bound  to  the 
supplier's  information,  and  has  few  possibilities  to  make  an 
independent  control  of  all  the  parameters  which  will  determine 
the  fiber's  lifetime. 

For  this  reason,  a  complementary  technique  was  searched  for  at 
the  Material  Laboratory.  The  present  paper  is  dedicated  to  the 
rebirth  and  implementation  of  the  Inert  Strength  Technique. 


Basic  Assumptions 

The  basic  assumptions  made  on  the  propagation  of.  and  final 
fracture  due  to  fatigue  cracks  in  optical  fibers  are  common  for 
the  two  techniques  of  lifetime  estimation  which  will  be 
discussed  later. 

The  stable  growth  of  fatigue  cracks  in  glass  will  follow  Paris 
law.  Linder  the  major  time  of  its  growth,  the  change  of  the  length 
of  a  crack  will  be  due  to  da/dt  ■  AKn,  where  n  is  the  crack  growth 
resistance  parameter.2  The  stress  intensity  factor,  K,  ahead  of 
the  crack's  edge  is  K  «  YoVa.  The  value  of  V  is  determined  by  the 
geometry  and  orientation  of  the  crack,  and  o  is  the  load  divided  by 
the  cross  sectional  area.  When  the  applied  stress,  a,  is  so  high 


that  K  equals  the  fracture  toughness.  K(c,  the  terminating  crack 
growth  is  unstable  and  the  liber  will  fracture. 

From  this  can  be  shown  that  the  time  dependent  change  of  the 
fiber  s  latent  fracture  stress.  <j(,  is  given  by 

a,"'2  -  Oj  n2  -  B  'jVdt 

where  ctj  is  the  inert  strength  and  B  =  2/(AY2(n-2)K|cn  2).  From 
integration  follows  that  the  current  fracture  stress.  Of,  under 
static  stress  can  be  written 

a,0'2  -  Oj  n'2  *  tJsnts/B  ...(1) 

where  ts  is  the  duration  of  the  static  stress  os  Tensile  testing 
at  a  constant  stress-rate  o'  yields  the  current  strength 

Ofn  2=  Oj  n'2  -  a"*’/(B(n+1  )o  )  ...(2) 

To  describe  the  strength  of  a  long  length  of  fiber,  one  has  to 
consider  also  the  variation  of  inert  strength  along  the  fiber.  A 
useful  description  lor  optical  fibers  is  the  Weibull  distribution  of 
strength  according  to 

N  -  (<Va„)m  (3) 

Hence,  the  survival  probability  S  for  an  evenly  loaded  fiber  with 
length  L  is  given  by  the  cumulative  failure  probability  F  as  S  = 

1-  F  =  Exp(-L  N)  =  Exp(-L(o1/ac)nr’). 

It  is  commonly  known  that  in  oplical  fibers  there  are  at  least 
two  types  of  failure  modes.  They  represent  failures  caused  by 
intrinsic  flaws  (significant  for  the  failure  of  short-length  fibers) 
and  failures  due  to  extrinsic  flaws.  The  most  severe  extrinsic 
flaws  are  eliminated  at  the  screen  test  which  is  routinely  made 
on  drawn  fiber.  Thus,  an  extended  description  of  the  survival 
probability  of  a  screen  tested  fiber  will  be 

1-  F  =  Exp[-L((a/aoe)me  +  «yool)mi  -  (ap/aoe)me)]  ...(4) 

where  me  and  rn  are  the  shape  parameters  and  aM  and  ooi  are  the 
site  parameters  for  the  extrinsic  and  the  intrinsic  modes  of 
failure.  The  variables  are  the  fracture  stresses,  a,  and  ap.  which 
depend  on  the  stress  history.  At  inert  conditions  they  are 
constant. 

This  formula  corresponds  to  the  findings  that  when  short  lengths 
of  fiber  are  stressed,  failure  most  probably  will  be  caused  by 
intrinsic  flaws.  If  the  length  of  stressed  fibers  is  largely 
increased,  the  probability  for  a  single  fiber  to  fracture  at  a  low 
stress  will  increase  significantly  due  to  the  extrinsic  mode. 
Finally,  when  very  long  lengths  of  fiber  are  stressed,  one  has  to 
consider  the  magnitude  of  the  screen  stress  (Jp,  which  defines  the 
lower  limit  of  stress  for  which  failure  occurs. 
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Techniques  for  Lifetime  Estimation 

Two  techniques  for  lifetime  estimation  of  stressed  fibers  will 
be  briefly  reviewed  in  this  chapter.  The  techniques  can  be  used  to 
estimate  the  failure  probability  of  an  arbitrary  length  of  fiber, 
e  g  the  multikilometer  lengths  between  repeaters.  Both  of  the 
techniques  require  that  a  number  of  parameters  be  evaluated  from 
tensile  or  static  load  testing  of  fiber.  It  will  also  be  shown,  that 
the  application  of  their  respective  formulas  yield  similar  results. 
In  these  respects,  they  are  compatible  tools  for  lifetime 
estimation. 

However,  if  made  available,  the  one  presented  here  as  the  inert 
strength  technique  would  offer  such  advantages  as  failure 
probability  based  on  the  cable's  service  environment  (which  can 
be  different  from  the  screen  test  environment)  and  also  an 
independence  of  statistical  data  from  the  screen  test  of  fiber. 

Failure  Frequency  Technique 

An  extensively  studied  technique  to  estimate  failure  probability 
for  long  lengths  of  screen  tested  fiber  was  presented  in  the 
beginning  of  the  eighties.1,3  In  this  paper  it  is  called  "failure 
frequency  technique",  since  it  is  mainly  based  on  the  failure 
frequency,  Np.  by  which  the  fiber  will  fracture  at  the  screen  test 
after  drawing. 

According  to  this  technique,  the  time  dependent  cumulative 
failure  probability  F  of  screen  tested  fiber  at  static  stress.  os. 
will  be  given  by 


,  „  m  /(n-2)  . 

1-  F  =  Exp(-Np  L([(1+  (Os/Op)n  ts/tp)(1/(1+C))]  6  -1 ) )  (5) 

and  can  be  derived  from  the  equations  (1),  (3)  and  (4)  given  in  the 
chapter  Basic  Assumptions  above.  The  duration  of  the  stress  at 
the  proof-  or  screen  test.  op.  is  tp.  Other  parameters  have  their 
usual  meaning.  Use  of  this  expression  shows  that  the  failure 
probability  increases  as  the  time.  ts.  passes  during  static  load. 
The  failure  probability  versus  time  is  shown  in  the  familiar 
double  logarithmic  form  below.4 


-2-1  O  1  2  3  1  5  6  7  8  910 


Log<fime  to  failure  ts,  sec > 


Increasing  duration  of  the  screen  test  displaces  failure  curves  to 
the  right:  tp  for  the  curves  are  0.01,  1  and  100  s. 


The  failure  curves  are  computed  by  inserting  the  values  of  Np  and 
C  in  Eq.  (5)  using  the  substitutions 

np  =  {(°PnVB  +  °pn'2)1/<n  2)/°0Jme  and  c  =  B/(°p2V 

The  expression  for  Np  can  be  derived  from  Eq.  (3)  and  Eq.  (1)  by 
setting  Oj  =  Op  The  substitutions  for  Np  and  C  made  here,  enable 
the  later  comparison  with  the  inert  strength  technique. 

The  failure  frequency  at  screen  test  Np  is  only  weakly  dependent 
on  B,  but  C  is  linearly  proportional  to  8.  The  latter  tact  is  an 
argument  for  the  common  assumption  C  =  0.  which  makes  the  life 
time  estimation  conservative.  This  ability  to  avoid  the  hard-to- 
measure  parameter,  B,  is  one  of  the  advantages  of  the  failure 
frequency  technique. 

Inert  Strength  Technique 

Essentially  the  same  static  fatigue  failure  curves  as  from  the 
application  of  failure  frequency  technique  are  obtained  also  from 
the  use  of  inert  strength  technique  with  identical  values  on  the 
basic  parameters  aoe,  me,  B  and  n.  For  static  stresses  smaller 
than  the  screen  stress  (Op  =  0.5  GPa)  both  techniques  yield 
identical  results,  provided  that  the  screening  time  tp  is  short. 
This  can  be  clearly  seen  if  the  diagram  below  is  compared  with 
the  previous  one.  In  both  diagrams  the  applied  static  stresses.  os. 
are  2.  1,  0.5,  0.4,  and  0.3  GPa.  The  samples'  length  L  is  20  m 


The  times  to  failure  using  the  two  techniques  were  thus 
computed  from  the  same  inert  strength  distribution  and  fatigue 
parameters:  aoe  =  10  GPa,  me  =  2.  B  =  1  (GPa)2s  and  n  =  18. 

According  to  the  inert  strength  technique,  this  distribution  will 
be  changed  due  to  static  fatigue  causing  the  failure  probability  to 
read 

1-  F  =  Exp[-L((af/ooe)rne  +  (<yo01)mi  -  (ap/aoe)me)]  ...(6)  | 

where  a,=  (tjj  n  Z  -  <59nts/B)1/In'2)  ,  which  is  Eq.  (4)  and  Eq.  (1) 
combined  to  the  statical  load  case. 

A  comparison  betwen  the  failure  curves  computed  from  Eq.  (5) 
and  (6)  shows  that,  when  differences  exist  between  the  failure 
frequency-  and  the  inert  strength  technique,  the  inert  strength 
technique  is  the  more  conservative,  i.e.  assigns  the  highest 

failure  probability  to  the  fiber.  This  conclusion  is  drawn  also  | 

from  studies  on  the  variation  of  Op  and  B. 
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Mtniaumm  »nd  Application  The  inert  strength  technique 
presented  here  is  based  on  mapping  the  strength  ot  an  eventually 
prepared  liber  over  a  wide  range  of  strain  rates.  A  strength 
saturation  at  high  rates,  if  observed,  would  then  reveal  the  inert 
strength,  ctj.  by  which  the  value  of  the  B-parameter  is  calculated 
This  can  be  done  by  extrapolating  the  fracture  stress  at  low 
tensile  speed  with  a  slope  1/(n+1),  until  it  intercepts  the  level  of 
inert  strength  Oj,  at  the  stress  rate  o'; 

8  *  Oj3/(o'(n+1 ))  ...(7) 

The  expression  can  be  derived  from  Eq.  (2),  since  the  term  a0'2 
in  Eq.  (2)  can  be  neglected  at  low  stress  rates,  and  by  using  the 
equality  a(  =  Oj  at  the  intercept. 

Another  method  is  to  fit  the  Eq.  (2)  to  the  measured  data  by 
iteration.  This  is  used  in  the  forward  chapter  Experiments. 

After  evaluation  ot  B.  the  lifetime  at  any  level  ot  failure 
probability  for  arbitrary  lengths  of  fiber  is  available  according  to 
Eq.  (6).  When  long  lengths  of  multiple  fiber  cables  are  involved, 
the  estimated  failure  probability  often  turns  to  be  so  extreme 
that  it  is  not  meaningful  to  quantify.  In  such  cases  the  statistics 
are  not  very  fruitful,  but  a  simple  formula  as  Eq.  (8)  below  can  be 
used  as  well. 


The  safe  way  is  to  replace  in  Eq.  (6)  the  inert  strength  with  the 
fiber  load  at  screen  test,  and  to  use  the  values  of  B  and  n  as 
determined  in  an  environment  significant  for  the  fiber’s  future 
operation.  This  gives  the  time  and  load  dependency  of  the  weakest 
flaw  in  an  arbitrary  length  of  fiber,  thus  enabling  to  state  the 
limits  of  failure-free  operation.  Knowing  the  value  of  B.  the 
estimation  of  a  minimum  lifetime,  tmin,  at  a  static  strain,  es. 
will  be  made  due  to5 

'min  *  B(<V«s>n'2  -’JAEOs)2  ...(8) 

with  ep  =  dj/E  where  E  is  Young's  modulus  of  the  glass.  The 
expression  is  derived  from  Eq.  (6).  by  setting  F  =  0  and  by  using 
Hookes  law  e  =  a/E.  For  a  screen  tested  fiber,  the  minimum  life¬ 
time  of  the  weakest  part  of  the  fiber  is  determined  by  inserting 
for  Bp  the  value  of  the  screen  strain.  Conversely,  the  maximal 
allowed  static  strain,  es,  for  a  given  lifetime  tm jn,  is  given  by 

•s  max-{B(ep)n-2/(E2tmin))1/n 

Thus  the  "long  length"  statistics  will  be  unnecessary  and  only 
information  regarding  the  screen  strain  will  be  needed  from  the 
manufacturing  process. 

As  pointed  out  before,  a  total  description  including  allowable 
times  for  non-zero  failure  probability,  is  available  from  Eq.  (6), 
but  will  of  course  require  fracture  statistics  from  long  lengths 
of  screen  tested  fiber. 


Wavs  to  the  Inert  Strength 

To  justify  the  use  of  the  basic  crack  growth  equations  one  has  to 
clearly  define  the  meaning  of  inert  strength .  As  will  be  pointed 
out,  this  strength  only  occasionally  corresponds  to  a  maximally 
attainable  fiber  strength. 

Strength  in  Inert  Environment 

Extremely  high  values  of  strength  have  been  reporter)  on  tioers 
tested  under  inert  conditions,  i.e  conditions  presumed  not  to 
influence  the  fiber's  strength  by  fatigue.  Values  found  in  the 
litterature  on  fracture  strength  of  optical  libers  are  about  12.6 
GPa.  or  18%  strain,  measured  in  liquid  nitrogen®  and  8.6  GPa 
measured  by  tensile  testing  shortly  after  vacuum  soaking  of  the 
fiber.7  For  freshly  drawn  silica  glass,  values  as  high  as  24  GPa 
are  stated.® 

However,  the  applicability  ot  these  strength  values  tor  a 
mechanical  equation  of  state  for  fiber  fracture  is  obscure.  When 
the  inert  strength  of  glass  is  searched  tor  to  enable  evaluation  of 
crack  propagation  parameters,  it  is  necessary  to  consider  any 
load  supported  by  an  eventual  fiber  coating.  It  is  also  obvious  that 
crack-similar  defects  must  exist,  otherwise  the  simple  crack- 
growth  model  will  fail  (in  accordance  with  the  chapter  Basic 
Assumptions).  If  no  cracks  exist,  almost  any  high  level  of 
fracture  strength  would  be  expected  at  short  times  of  loading 
When  this  is  the  case,  some  preparation  ot  the  fibers  to  induce 
crack-similar  defects  will  be  necessary  to  enable  use  of  the  inert 
strength  technique. 

Inert  Strength  when  Cracks  Prevail 

Here,  the  uso  of  the  term  inert  strength  applies  to  the  strength  of 
the  fiber  at  the  beginning  of  the  tensile  test,  at  the  moment  when 
fatigue  by  stable  crack  propagation  has  just  been  initiated  From 
the  time  when  the  nucleation  ot  a  fatigue  crack  is  completed,  the 
crack  propagation  is  assumed  to  follow  the  growth  laws  given  in 
the  chapter  Basic  Assumptions. 

Hence,  an  aged  i.e  strength  degraded  fiber  has  an  inert  strength  as 
well  as  a  freshly  drawn  fiber,  though  the  latter's  strength  is 
considerably  higher.  So,  when  aiming  at  the  value  of  the  B- 
parameter,  it  does  not  matter  whether  the  testing  is  done  on  aged 
fiber  or  a  virgin  fiber,  as  long  as  cracks  prevail  and  the  chemical 
and  thermal  environments  are  the  same. 

Inert  Strength  by  Preparation 

Since  the  B-parameter  should  be  dependent  only  on  the  material 
and  its  environment,  one  would  expect  the  strength  saturation  to 
occur  at  lower  stress  rates  when  the  value  of  dj  is  lower, 
according  to  Equation  (7).  Observation  of  the  saturation  at  tensile 
testing  would  then  be  simplified,  i.e.  lower  stress  rates  would  be 
required,  if  the  value  of  Oj  could  be  suppressed  by  some  ageing  or 
static  prestraining.  Treatments  based  on  chemical  or  mechanical 
attack  on  the  glass  surface  are  means  by  which  Ihe  slrength  of 
optical  fiber  can  be  suppressed,®’10 

A  theoretical  way  to  accelerate  the  nucleation  and  growth  of 
truly  crack-similar  defects  (in  the  respect  of  their  growth-law 
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obeyancy)  would  be  static  load  knock-down  of  a  large  number  of 
parallell,  equally  loaded  fibers.11  When  fractures  start  to  occur, 
the  load  is  decreased  step-wise  each  time  libers  fracture.  The 
process  can  thus  be  regarded  as  a  strength  degrading  screen  test 
of  fibers  with  unimodal  strength.  After  a  sufficient  number  of 
steps,  a  low  strength  level  is  reached  on  average,  and  the 
remaining  fibers  can  be  used  for  e.g.  tensile  testing.  Due  to  the 
high  load,  most  of  the  fibers  then  will  contain  the  nucleated 
cracks  required.  In  this  way.  an  average  low  level  of  inert 
strength  would  nu'ruiv  be  achieved  to  simplify  evaluation  of  the 
B-parameter  searched  for. 

The  ligure  below  shows  the  initial  and  final  strength 
distributions  from  a  numerical  simulation  of  strength  knock¬ 
down. 


the  lowest  rates  corresponding  to  the  ones  previously  employed 
at  testing  at  the  Material  Laboratory.  Thereby,  the  new 
instrument's  reliability  could  be  checked  and  verified  also  by 
comparison  with  previous  measurements  on  selected  fibers. 

The  wide  range  of  speed  strived  tor  was  achieved  by  the 
instrument's  unconventional  design.  Simpleness  and  easy 
maintenance  did  not  allow  the  use  of  a  gear  box.  so  a  stepping 
motor  with  a  pulley  mounted  directly  on  the  motor's  axis  was 
chosen.  Above  the  puliev  the  load  cell  is  adjustably  mounted  on  a 
beam  The  load  cell  consists  ot  a  rubber  coated  disc  on  which  the 
torque  from  the  wound-on  fiber  is  measured  by  strain  gauges 
located  close  to  a  low-noise  DC  amplifier  with  125  kHz  cut-off 
frequency.12  The  amplified  signal  is  fed  into  a  waveform 
recorder  (Hewlett-Packard  5183)  for  analysis  and  storage. 


Ln\  I'rac,  tur  s  stress.  GPa  > 


The  figure  shows  how  an  initial  Weibull  distribution  around  5  GPa 
with  a  shape  parameter  m  =  10,000  is  affected  by  5  steps  by  10% 
load  reductions.  The  final  distribution  is  centered  around  3.5  GPa 
with  m  »  38.  Cracks  are  assumed  lo  prevail  from  the  beginning. 
Assumed  values  of  fatigue  parameters  are  B=  1  (GPa)2s  and  n=  18. 
One  disadvantage  is.  that  for  more  than  a  few  steps,  a  very  high 
value  of  the  weibull  shape  parameter  m  (  i.e.  a  very  small  scatter 
in  strength)  is  required  from  the  beginning,  otherwise  the 
strength  ot  the  remaining  fibers  will  scatter  too  much  to  enable 
reliable  evaluation  ol  the  fatigue  parameters. 

Owing  to  the  difficulties  above,  the  most  straightforward  way  to 
obtain  a  measure  on  the  inert  strength  seems  to  be,  to  increase 
considerably  the  stress  rate  at  tensile  testing. 

Test  Equipment 

Tensile  testing  of  the  libers  is  done  in  controlled  atmosphere  at 
a  constant  rate  of  strain,  selectable  within  the  range  10'3  to  103 
strain  units  per  minute.  The  rates  were  chosen  in  decades  with 


Insirumsmai  properties 

The  measurement  of  tensile  (orce  on  the  liber  is  influenced  by 
the  step-wise  motion  of  the  pulling  axis  at  low  speed  and  by  the 
inertia  of  the  load  cell  at  highest  speeds.  Considerable  effort  has 
been  made  to  secure  accurate  measurements. 

Error  sources 

A  5-phase  stepping  motor  with  a  resolution  of  1.000  steps  per 
turn  will  elongate  the  fiber  step-wise  with  a  resolution  of  0.24 
mm  corresponding  to  150-190  steps  per  load  event.  Hence,  a 
frequency  of  34  Hz  moves  the  fiber  with  a  velocity  of  500 
mm/min  at  the  pulley  end.  The  fully  loaded  length  ol  fiber  is  500 
mm  nominally,  but  is  easily  adjustable.  An  electronic  driver  is 
equipped  with  two  oscillators  which  cover  a  frequency  range  of 
0.03  Hz  to  40  kHz. 

Since  the  loaded  length  of  fiber  is  not  bound  at  500  mm,  the  speed 

dependent  errors  have  not  been  related  to  strain  rate  but  to  the  i 

frequency  (Hz)  by  which  the  axis'  position  is  stepped.  ' 

Low-speed  errors.  At  34  Hz  and  below,  the  motor  in  its 
original  shape  showed  pronounced  oscillations  around  its  virtual 
poles.  By  adding  a  mass  on  the  rear  end  of  axis  and  a  proper 
amount  of  viscous  damping  between  the  axis  and  the  added  mass, 
these  vibrations  were  reduced  to  a  negligible  level. 

However,  the  principle  ot  the  motion  in  distinct  steps  sets  a  I 

limit  to  the  accuracy  by  which  fiber  strength  is  measured.  For  an 
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average  optical  fiber  the  fracture  strength  is  measured  with  an 
accuracy  better  than  one  percent. 


below,  which  is  computed  from  the  experimental  value  o  *  14.000 
rad/s. 


At  340  Hz  and  above  there  are  no  measurable  steps  due  to  the 
inertia  of  the  pulley. 

High  speed  errors.  The  relatively  high  eigenfrequency  of  the 
load  cell  would  not  severely  affect  the  load  accuracy  at  3.4  kHz, 
but  at  34  kHz  one  has  to  consider  the  osc'naticns  in  the  load 
cell's  mass  due  to  the  rapid  onset  of  motion  of  the  fiber's  pulled 
end.  The  load  duration  at  the  highest  rate  used  here  (34  kHz), 
corresponds  to  only  14  periods  of  free  oscillation  of  the  load  cell 
with  the  fully  loaded  length  of  500  mm  of  optical  fiber. 

If  the  load  cell  is  modelled  as  a  mass-spring  system  with 
internal  damping,  the  deviation  between  measured  load  and  load 
on  the  fiber  can  be  studied  as  a  function  of  time  and  loading 
rates.  From  this  study  it  is  possible  to  map  the  limits  of  the 
system's  accuracy. 

With  reasonable  accuracy,  the  model  has  been  approximated  with 
a  mass  on  which  the  fiber  force  acts.  On  this  mass  a  viscously 
damped  spring  is  attached,  which  is  rigidly  coupled  to  a  fixed 
environment  in  space.  The  displacement  of  the  spring  is  assumed 
to  be  linearly  proportional  to  the  measured  load  F. 

The  displacement  y  with  time  t,  of  the  mass  m,  from  its  unloaded 
equilibrium  position  is  given  by  the  differential  equation 

*  «2y  - 

dt2  mdt 

where  C  is  the  damping  coefficient  and  <o  is  the  undamped  angular 
frequency  (rad/s). 

The  load  on  the  fiber  is  increasing  linearly  with  time  with  a  load 
rate,  A,  until  fracture  occurs  at  t  «  1,  when  the  load  vanishes. 

To  reduce  the  number  of  parameters,  one  will  make  the 
substitution  z  «  C/Ccr  where  Ccr  is  the  value  of  the  coefficient  C 

at  aperiodic,  i.e.  critical  damping,  and  B  >=  u  •fbz*. 

With  these  substitutions,  the  assumptions  made  above  and  the 
boundary  conditions  y(0)  =  0  and  y'(0)  -  0  one  will  find  the 
solutions  to  the  differential  equation13; 

F(t)=  A { t-  2z/(o+  [((2z2-1)/B)sin(Bt)+(2z/<i))cos(Bt)]e  z“t)  ..(9) 

which  is  the  measured  load,  i.e.  tha  load  on  the  spring,  valid  for 
any  value  0  s  z  <  1 ,  0  *  t  £  tf. 

From  the  time,  t(.  when  the  fiber  fractures,  the  subsequent  load 
is  given  by 

F(t)  »  (cos(flt)+  Dsin(Bt))Ce"z<’>t 
where 

C  *  F(tf)/[(cos(Btf)+Dsin(Bt|))e'zu,fl  with  F(tf)  from  Eq.  (9) 
and 

D  =  (flsin(Bt()+z<acos(Bt|))/(Bcos(Bt|)-z<DSin(Bt()) 

The  relation  between  heights  of  two  adjacent  peaks  of  the  same 
sign  is  equal  to  exp(2itz/V  1-z2).  This  relation  enables 
|  adjustment  of  the  value  of  z  to  minimize  the  deviation  between 

measured  and  applied  load  at  fracture.  No  other  entities  are 
required  except  si  and  z  since  B  was  given  by  B  =  si  Vl-z2 
The  value  of  <»  is  easily  measured  as  <o  »  2k/ T  where  T  is  the 
period  of  undamped  oscillations,  and  the  value  of  z  with  the  load 
cell  in  its  damped  state  is  calculated  from  the  relation  between 
peak  heights  after  fiber  fracture. 

I  A  close  agreement  between  the  measured  and  applied  force  at  the 

moment  of  fracture  is  obtained  for  z  »  0.15  due  to  the  figure 


At/m  0  *  t  i  t( 

0  t  >  t( 


The  duration  of  the  linearly  increasing  load,  5.5  ms.  is  typical  for 
tensile  test  of  optical  fiber  at  the  highest  rats  used  here. 

The  corresponding  deviation  between  applied  and  measured  load 
during  the  simulated  tensile  test  is  shown  below.  The  ordinate  is 
the  underestimation,  i.e.  [1-(measured  load/applied  load)) -100  %. 


Thus,  a  reliable  measure  of  the  fracture  strength  at  high  loading 
rates  is  expected  when  the  load  cell  is  adequately  damped. 

However,  due  to  the  rapid  onset  of  stress  on  the  fiber,  tensile 
waves  will  propagate  along  the  fiber.  Repeated  wave  reflection 
from  the  fiber's  ends  will  be  superimposed  oscillation  of  the  load 
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call.  This  effect  of  variation  of  the  fiber's  load  will  not  severely 
influence  the  measurement  at  the  time  of  fracture,  since  the 
internal  damping  in  the  fiber's  coating  and  the  cyclic  slip  of  the 
fiber  ends  on  the  grips,  will  cause  the  load  oscillation  to  decline 
rapidly.  At  the  moment  of  tracure,  there  is  only  second  order 
oscillation,  which  is  negligible  besides  the  residual  under¬ 
estimation  of  fiber  load  due  to  the  load  cell's  damping.  The  figure 
below  is  typical  for  captures  of  high  speed  tensile  testing. 


The  fully  loaded  fiber  length  was  500  mm  and  the  pulling  speed 
was  8.3  m/s.  As  can  be  seen  from  the  figure,  the  initial  vibration 
is  about  three  times  as  strong  as  predicted  from  a  and  z  for  the 
load  cell,  but  the  deviation  between  the  fiber  load  and  the 
measured  load  at  fracture,  is  essentialy  determined  by  the 
damping  of  the  load  cell. 

Thanks  to  the  precautions  taken,  the  accuracy  of  a  single 
measurement  of  the  fracture  strength  of  an  optical  fiber  is 
expected  to  be  better  than  one  percent  for  all  rates  of  strain 
The  accuracy  of  the  measured  mean  fracture  strength  of  several 
equally  strong  fibers  should  be  even  better. 

Experiments 

The  instrument's  reliability  has  been  checked  in  a  series  of 
tensile  tests  of  preconditioned  fiber.  For  this  purpose  single 
mode  fused  silica  fiber  coated  with  UV-hardened  acrylate  was 
used.  Conditioning  and  tensile  testing  were  made  at  23°C,  55  %RH. 

Measurements  on  stripped  fiber  indicated  that  the  load  supported 
by  the  coating  at  fracture,  was  only  about  5%  of  the  total  load  at 
low  stress  rates.  The  present  experiments  did  not  aim  at  the 
exact  values  of  the  fiber's  fatigue  parameters,  so  the  fiber's 
fracture  stress  has  been  calculated  roughly  as  the  fracture  load 
divided  by  the  cross  sectional  area  of  the  glass.  Also,  the  samples 
were  not  randomly  chosen  prior  to  tensile  testing,  but  the 
measurements  are  made  on  two  independent  series  of  fiber 
samples. 


taking  five  more  samples  to  be  tested  at  each  rate.  The  resulting 
fracture  stresses  for  virgin  fiber  is  shown  in  the  Weibull  diagram 
below. 


Fracture  Stress,  GPa 


As  can  be  seen  from  the  steep  slopes,  the  Weibull  modulus,  m.  is 
high  for  all  rates  of  strain,  varying  from  69  to  151.  Thus,  a  good 
estimate  of  the  average  strength  is  obtained  from  the  limited 
number  ot  samples 


The  logarithm  of  median  fracture  stress  plotted  versus  the 
logarithm  of  pulling  speed  shows  a  slight  but  significant 
deviation  between  the  upper  points  and  a  straight  line  through  the 
points  at  low  rates  of  stress.  Essentially  the  same  shape  is 
obtained  when  the  median  fracture  stress  is  replaced  by  the  site 
parameter  aQ.  Applying  the  fatigue  strength  formula,  Eq.(2), 
yields  the  curve  fit  shown  below  together  with  the  median 
fracture  stresses  from  tensile  testing  of  virgin  fiber. 

The  curve  fit  corresponds  to  the  parameter  values  Oj  =  7.0  GPa, 

n  =  20.5  and  B  =  0.04  (GPa)2s  . 


A  number  of  samples  were  cut  from  the  fiber  drum  and  lested. 
beginning  with  five  samples  at  the  highest  rate,  5  10s  mm/min, 
next  five  samples  at  5  1 04  mm/min  and  so  on,  including  the 
lowest  rate  used.  0.5  mm/min.  The  procedure  was  repeated  by 


Pulling  Speed,  mm/min 

The  theory  predicts  a  sharper  transition  to  the  inert  strength  I 

level,  Oj  than  is  obvious  from  the  measured  data.  Deviation  of  the 
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distribution  of  data  from  the  theoretical  curve  within  the 
transitional  region,  could  be  the  result  of  delayed  crack 
initiation,  which  will  lead  to  higher  fracture  stresses  than 
anticipated  from  the  simple  crack-growth  theory  alone.  Another 
possibility  would  be,  that  the  crack-growth  law  is  still  valid  at 
high  stress  rates,  but  with  an  increased  value  of  n. 

To  check  this  hypothesis,  a  series  of  tensile  tests  were  made  on 
statically  preloaded  fiber.  Oue  to  the  static  stress,  crack 
initiation  was  supposed  to  occur  after  a  sufficient  time.  The 
specimens  were  stressed  at  a  level  equal  to  the  median  strength 
at  the  lowest  rate  at  lensile  testing,  u.o  mm/min.  All  specimens 
were  kept  at  the  same  constant  stress  for  60  seconds.  This 
duration  was  chosen  experimentally  to  avoid  extensive  fiber 
fracture.  Theoretically,  the  duration  of  static  preload  should  not 
exceed  a  factor  1/n  times  the  loading  time  to  fracture  at  the 
slowest  tensile  test  of  virgin  fiber,  or  about  200  seconds.  Though 
the  duration  was  quite  short,  some  of  the  fibers  fractured  at  the 
static  preload.  One  reason  for  this  was  that  the  fiber  slipped  on 
the  pulley,  which  caused  the  applied  stress  to  vary  a  few  percent. 

As  expected,  the  static  fatigue  reduced  the  Weibull  models  of 
the  fiber's  strength  at  the  following  tensile  test,  cl.  chapter 
above  on  Inert  Strength  by  Preparation.  The  values  of  m  were 
reduced  to  25-52.  To  obtain  a  reliable  estimation  of  the  fatigue 
parameters,  a  large  number  of  samples  would  be  required,  but  a 
rough  estimate  can  be  made  from  the  present  data  which  include 
about  eight  samples  for  each  stress  rate. 

The  resulting  median  fracture  stresses  at  the  tensile  test  of 
statically  preloaded  fibers  are  shown  below. 


Pulling  Speed,  mm/min 


Conclusions 


The  instrument  for  high  strain  rate  testing  described  in  this 
paper  offers  extended  possibilities  tor  the  study  of  the  mechan¬ 
isms  responsible  for  crack  initiation  and  growth  in  optical  fibers. 

Tensile  strength  of  acrylate  coated,  fused  silica  fiber  has  been 
studied  at  23°C  and  55  %  RH.  The  present  measurements  give 
evidence  of  a  saturation  of  the  optical  fiber's  strength  at  high 
stress  rates.  Assuming  that  crack  initiation  is  not  suppressed  at 
high  stress  rates,  a  close  agreement  between  basic  crack  growth 
theory  and  measurements  is  obtained  for  the  values  of  the  crack 
growth  parameters,  n  =  20.5  and  B  =  0.04-0.06  (GPa)2s  . 

The  inert  strength  ot  virgin  fiber  found  in  this  study.  7  GPa,  is 
significantly  lower  than  the  strength  of  optical  fiber  under  inert 
condition,  as  stated  in  the  litterature.  This  indicates  that  fatigue 
in  high  strength  fiber  may  be  caused  by  more  than  one  single 
mechanism.  Such  strength  degrading  mechanisms  are  surface 
roughening  due  to  corrosion,  and  the  stress  enhanced  initiation 
and  stable  growth  of  cracks.  When  the  initiation  is  suppressed, 
the  fiber's  strength  will  exceed  the  upper  limit  as  given  by  the 
equations  for  growth  of  proper  cracks  only. 
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By  analogy  with  the  previous  estimation  of  fatigue  parameters 
the  above  curve  fit  yields  the  values  a,  =  6.35  GPa,  n  =  20.5  and 

B  =  0.06  (GPa)2s  . 

According  to  the  present  measurements,  it  seems  doubtless  that 
a  saturation  of  the  fiber's  strength  occurs  at  sufficiently  high 
rates  of  strain.  Extended  testing  of  fiber  with  regard  to  the 
number  of  samples  and  their  treatment  for  crack  initiation  before 
tensile  testing  will  tell  whether  the  basic  crack-growth  model  is 
suitable  for  reliable  lifetime  estimation  of  optical  fibers  and 
cables. 
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Abstract 


2.  Bending  performance 


Three  types  of  depressed  cladding 
single  mode  fiber  were  experimentally 
produced  by  the  all  synthetic  VAD  method 
The  micro  and  macro  bending  performance 
of  these  fibers  was  tested  with  the 
mandrel  and  the  sandpaper  methods. 

The  induced  loss  was  1 .  OdB/m  ">•  2  .  OdB/m 
at  1.55pm  .using  a  mandrel  20mm  in 
diameter . 

In  order  to  confirm  the  fiber 
characteristics,  the  depressed  cladding 
single  mode  fibers  were  manufactured  by 
way  of  trial.  These  fibers  had  high 
strength,  low  attenuation,  and  low 
splicing  loss  just  as  the  normal  single 
mode  fiber  produced  by  the  all  synthetic 
VAD  method. 

From  the  results  of  the  analysis  of 
the  macrober.ding  performance  of  these 
fibers,  it  was  clear  that  the  MFD  and 
the  cutof f-wavelength  had  almost  the 
same  effect  on  induced  loss  during 
mandrel  test. 


1  .  Introduct ion 


In  order  to  evaluate  the  relationship 
between  bending  performance  and 
depressing  depth(  a'  ),  three  fibers, 
having  three  kinds  of  depressing  depth 
were  produced  through  the  all 
synthetic  VAD  process  .using  advanced 
flourine  doping  technology. 


2 -  1 .  F ifaer  des ign 

Fig.l  shows  fiber  construction. 

The  outer  portion  of  fiber(  El  ) 
consists  of  pure  silica,  the  inner 
cladding!  II  )  is  of  F  and  SiCh  glass 
and  the  core  section!  I  )  consists  of 
F.SiOj  and  Ge02.  The  depressing 

depth!  A~  )  in  each  fiber  was  controlled 
by  the  doping  the  quantity  of  flourine 
and  the  total  delta  N(  A+  ),  which 
realized  the  same  MFD  of  8 . 6 um  for  each 
type  fiber,  was  adjusted  by  the  addition 
of  germanium. 

The  depressing  depth!  A'  )  and  the 
total  delta  N(  A+  )  are  shown  in  Table  1. 

Each  fiber's  cutof f -wave  length (  Ac  ) 
was  about  the  same  at  1.21um. 


In  order  to  provide  longer  and  higher 
count  single  mode  fiber  cable,  single 
mode  fibers  must  exhibit  the  followings: 
long  piece  length,  high  strength, 
superior  bending  loss  resistance  and  low 
splicing  loss. 

Recently,  a  high  performance  and  high 
strength  fiber  produced  through  the  all 
synthetic  VAD  process  was  introduced.  !1) 

The  major  advantage  of  the  all 
synthetic  VAD  process  can  be  found  in 
the  following  typical  characteristics: 
the  median  attenuation  of  0.20dB/km  at 
1.55pm,  the  median  length  of  56km  and 
|  30km  under  0.7%  and  2.0%  strain  proof 

test,  respectively. 

Today,  the  development  of  flourine- 
doping  technology  has  successfully 
accomplished  production  of  the  depressed 
cladding  single  mode  fiber  through  the 
all  synthetic  VAD  process. 

In  this  paper, the  characteristics  of 
I  the  fabricated  depressed  cladding  single 

mode  fibers  will  be  discussed. 
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Fig.l  Fiber  design 


Table  1  Fiber  construction 


NoN^ 

A+ 

A' 

a 

0.40% 

0% 

b 

0.42% 

0.03% 

c 

0.44% 

0.05% 
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Induced  Loss  (dB/m) 


2 -2 .  Mandre  1  test 


In  order  to  evaluate  the  macrobending 
performance,  the  loss  induced  in  a  fiber 
section  wrapped  on  mandrels  at  low 
tension  was  measured  at  1.55  pm. 

Fig. 2  shows  the  induced  loss  for  each 
type  of  fiber  wrapped  on  mandrels  with 
diameters  of  10,  15,  20,  25,  30,  35  and 
40mm.  The  induced  loss  was  linear  with 
length  of  the  fiber  under  bend, 
therefore,  the  results  were  reported  in 
dB/m . 

The  induced  loss  of  each  fiber  shows  a 
similar  increase  in  the  mandrel's 
diameter  of  more  than  25mm.  However,  at 
less  than  25mm, the  slope  of  the  induced 
loss  changed.  The  fiber,  which  had 
smaller  depth  depressed  cladding, 
exhibited  a  smaller  induced  loss. 


Fig. 2  Macrobending  loss  at  1.55  pm 
induced  by  wrapping  mandrel 


2-3.  Sandpaper  test 

The  lateral  load  test  is  a  way  of 
measuring  microbending  performance. 

The  looped  fiber  shown  in  Fig. 3  was 
placed  between  two  square  metal  plates 
which  has  the  size  of  10cm  x  10cm. 

The  face  of  the  lower  plate  is  covered 
with  150-grit  sandpaper,  and  that  of  the 
upper  cne  is  smooth.  One  or  more 
weights  were  placed  on  the  upper  metal 
plate . 

Fig. 4  shows  the  induced  loss  was 
measured  over  a  range  of  '  ads  from 
l.Og/mm  to  8.0g/mm,  using  the  three 
types  of  fiber.  The  deeper  depressed 
cladding  fiber  exhibited  smaller 
induced  loss  in  this  test. 


weight 


Light 

Detecter 


' —  Sandpaper 
(#150) 

Metal  plate  (10cm  x  10cm) 

Fig. 3  Rough  sketching  of  Sandpaper  test 


Fiber 


Weight  /  Fiber  length  (g/mm) 


Fig. 4  Macrobending  loss  at  1.55pm 
induced  by  sandpaper  test 
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3.  Trial  manufacturing  result 

In  order  to  evaluate  the  all  synthetic 
depressed  cladding  single  mode  fiber, 
the  fiber  Was  manufactured  by  way  of 
trial,  having  the  A'  =0.02v  0  .  C  3  Z  , 

the  MFD=9.0  •w  lO.Oum  and  the  cutoff- 
wavelengtM  \c  )  1.19  v  1.33pm.  These 

fibers  had  a  125ym  outer  cladding 
diameter  and  were  dual-coated  with  UV 
curable  materials. 


3- 1 .  At  tenant  ion 

The  attenuation  of  these  fibers  was 


3-3.  Splicing  loss 

In  order  to  realize  low  splicing  loss, 
we  have  reduced  the  core  eccentricity  in 
the  preform  making  process. 

As  a  result, the  median  value  of  the 
core  eccentricity  became  0.16pm  and  the 
0.038dB  of  average  splicing  loss  was 
obtained  by  the  self  centering  force 
splicing  method. 

Fig. 6  shows  the  histogram  of  the 
spl ic i ng  loss . 


3~/i.  The  influence  of  MFD  ^nd  cut  of  f  - 


measured  at  the  wavelength  of  1.30um  and 
1.55vm.  The  median  value  of  all  fibers 
was  0.347dB/km  at  1.30 um,  and 

0.197dB/km  at  1.55pm. 

Fig. 5  shots  the  spectral  attenuation 
curve  which  was  the  lowest  one  of  trial 
manufacturing  fibers. 


3~3.  Fiber  strength 

The  high  strength  was  one  advantage  of 
the  ail  synthetic  VAD  process.  After 
those  fibers  were  in-line  proof-tested 
at  0.7Z  strain  during  drawing,  the 
average  length  of  the  fibers  were  56km. 

After  those  fibers  were  re-tested  at 
2 . 0Z  strain  ,  the  average  length  was 


wavelength  on  macrobending  loss 

The  influence  of  MFD  and  refractive 
index  profile  design  on  macrobending 
loss  was  discussed  in  various  reports  .  ( 2  )( 3  ) 
it  is  well  known  that  the  cutoff- 
wavelength  has  much  influence  on 
macrobending  loss.  Therefore,  the  MFD 
and  cutof f-wavelengLh  effect  on  the 
macrobending  performance  of  single  node 
fiber  was  analyzed  by  multiple 
regression  analysis. 

The  analyzing  method  and  results  were 
described  as  follows. 


Estimated  value  (dB/m) 


Those  fibers  were  wrapped  on  mandrels, 
having  20mm  diameters,  and  measured 
induced  loss  at  1.55 uni  as  the  same  as 
2-2.  As  usual,  the  induced  loss  during 
the  mandrel  test  was  described  in  log- 
scales  . 

Therefore,  the  induced  loss  data(dB/m) 
was  calculated  in  accordance  with 
following  formula  before  analyzing: 


l=log  L  L: Induced  loss  (dB/m) 


As  a  result  of  analysis,  the  following 
multiple  equation  was  obtained: 

L=1Q(0. 899+1. 09xMFD-8. 19xAc)  . r=Q  g^2 

L:  Induced  loss  (dB/m) 

MFD:  Mode  field  Diameter  (  um) 

Ac:  Cutoff -wavelength  (  um) 

r:  Multiple  correlation  Coefficient 

The  0.942  of  r  value  was  very  close 
to  one,  therefore,  the  above  equation 
explained  the  relationship  between 
macrobending  loss  of  single  mode  fiber 
and  the  MFD  or  the  Ac  ,  very  well. 

The  MFD  and  the  Ac  range  of  those 
fibers  were  l.Oum  and  0.14um, 
respectively .The  induced  loss  range  for 
l.Oum  of  the  MFD  range  was  12.3dB/m 
calculated  with  multipule  equation  and  it 
for  0.  Hym  of  Ac  range  was  14.0dB/m. 


0.1  1  10  100 


Actual  value  (dB/m) 

Fig. 7  Multiple  reguration  scatter  diagram 


These  induced  loss  ranges  were  almost 
same  in  mandrel  wrapping  test. 

Therefore,  the  MFD  and  the  cutoff- 
wavelength  had  almost  the  same  effect  on 
macrobending  performance  of  single  mode 
f iber . 

Fig. 7  shows  the  scatter  diagram 
between  the  estimated  value  calculated 
with  the  multiple  equation,  and  the 
actual  value. 


A  .  Cone lus ion 

The  depressed  cladding  single  mode 
fiber  was  produced  with  the  all 
synthetic  VAD  method.  Those  fibers 
exhibited  excellent  micro  and  macro 
bending  performance. 

The  low  attenuation  of  0.197dB/km  at 
1.55um,  the  high  strength  of  30km  under 
2.0%  strain  proof  test,  and  the  low  core 
eccentricity  of  0.16  pm  were  confirmed  as 
being  the  same  as  the  all  synthetic 
matched  cladding  single  mode  fiber, 
as  a  result  of  trial  manufacturing. 

Resulting  from  multiple  regression 
analysis  concerning  the  induced  loss 
data  of  20mm  wrapping  mandrel,  it  was 
confirmed  that  the  MFD  and  the  cutoff- 
wavelength  had  the  same  effect  on  the 
macrobending  performance  of  single  mode 
f iber . 
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ABSTRACT 


Two  types  of  an  advanced  automated  measurement 
system  have  been  developed.  One  is  for  measuring 
graded-index  multimode(GI )  fibers,  and  the  other  is 
for  single-mode(SM)  fibers.  In  order  to  attain  the 
highest  possible  operation  rate,  two  methodologies 
have  been  investigated.  One  is  to  speed  up  each 
measurement,  and  the  other  is  to  employ  a  fully 
multitask  operation.  Several  measurement 
techniques,  such  as  the  side  launch  excitation 
technique  for  measuring  structural  parameters, 
are  newly  investigated  to  simplify  measuring 
procedures  and  make  these  systems  much  faster  than 
before.  Multitask  software  has  been  developed 
enabling  computer  automation  of  almost  all 
measuring  procedures.  By  using  multitask 
operation,  we  can  assemble  the  arbitrary  number  of 
measuring  setups  into  both  systems  without 
throughput  decreasing.  When  one  operator  controls 
all  the  measuring  procedures,  both  systems  provide 
measuring  rates  of  between  3  to  ?0  times  greater 
than  the  rates  of  con  ’entional  methods,  thus 
resulting  in  extremely  low  test  cost  optical  fiber 
cables. 


INTRODUCTION 

More  economical  optical  fiber  cables  have 
become  neccessary  in  order  to  accelerate  optical- 
fiber  network  development.  Faster  and  more 
automated  optical  testing  equipment  is  one 
prerequisit  for  reducing  cable  cost.  Optical  fiber 
testing  procedures  have  been  more  time-consuming 
than  metal  cable  measuring  procedures.  Various 
techniques  and  instruments  have  been  developed  to 
measure  several  optical  characteristics.  But, 
there  has  been  insufficient  consideration  on 
constructing  and  unifying  them  into  one  system. 

During  optical  fiber  cable  measurement,  there 
are  six  basic  procedures: 

(1) fiber  endface  preparation 

(2) fiber  transportation  to  a  measuring  setup 
'3/fiber  axial  alignment 

(4 /measurement 

(5/fiber  end  transportation 

(6)data  processing/filing  to  mass  storage  systems 

Here,  we  consider  automation  of  procedures  (2)  to 
(6)  in  one  system.  All  the  procedures  except  for 
(4)  are  common  for  all  automated  systems  for  G1  and 


SM  fibers. 

Items  to  be  measured  for  GI  fibers  are  loss, 
baseband  freauency  response  and  structural 
parameters  (  c  diameter,  cladding  diameter,  etc. 
)  .  Those  foi  SM  fibers  are  loss,  cutoff 
wavelength,  mode  field  diameter  and  structural 
parameters.  In  order  to  realize  high  throughput  in 
automated  systems,  two  methodologies  have  been 
investigated.  One  is  to  speed  up  the  measuring 
rate  for  each  item,  and  the  other  is  to  employ  a 
fully  multitask  operation.  High  density  optical 
fiber  cable1  testing  should  be  applicable  to 
optical  fiber  ribbons,  which  contain  two  to  ten 
fibers.  In  this  case,  a  ribbon-end  remover*  and  a 
ribbon  fiber  cutter-*  are  used  to  achieve  higher 
measuring  efficiency  than  that  for  a  single 
fiber. 


SYSTEM  CLASSIFICATION 

Three  types  of  automated  measuring  setups  »re 
shown  in  Fig.1. 


Type  1  has  single  pair  of  optical  terminal  (input 
and  output)  ■.  All  measurements  are  sequentially 
done  by  optical  switching  for  each  measurement 
item.  Advantages  of  this  system  are,  as  follows: 

1) no  fiber  end  transportation  for  any  measuring 
item 

2) only  one  time  alignment  for  each  fiber 

3) easy  software  construction 
Disadvantages  are: 

1 )  time-consumption  due  to  sequential  operation 

2) a  limited  number  of  measurement  items,  which 
depend  on  optical  switching  device  character¬ 


istics 


Type  2  has  a  manipulator  tc  enable  transportation 

of  several  fiber  ends  at  a  time.  There  is  the  same 

number  of  optical  terminal  pairs  as  measuring 

items.  Multitask  operation  can  be  introduced  for 

each  measurement.  Transportation  of  all  fiber  ends 

at  a  stroke  is  carried  out  when  all  meaurements  are  | 

finished.  The  advantage  is: 

1 )n  times  greater  operation  rate  than  Type  1  if 
measuring  time  for  each  measurement  item  is  the 
same,  where  n  denotes  the  number  of  measuring 
items 

Disadvantages  are: 

1) needs  higher  grade  software  than  Type  1 

2) it  needs  a  reliable  transportation  system  | 
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Type  3  has  a  random  transportation  function,  and 
can  be  constructed  using  almost  the  same  hardware 
as  for  Type  2.  This  type  requires  a  flexibly 
controllable  manipulator. 

The  advantage  is  : 

1)maximum  operation  rate 

Even  if  there  are  especially  time-consumir.g 
measuring  items,  Type  3  keeps  a  high 
operation  rate  by  assembling  two  or  more 
measuring  setups  into  the  system  for  the  same 
item. 

Disadvantages  are: 

1 )  significantly  difficult  software  creation 

2) needs  a  reliable  manipulator 

3 )  highly  rigid  structure  protected  from 
vibration  caused  by  random  manipulator 
transportation  during  measurements 

This  paper  precisely  describes  the  Type  2 
system.  To  optimize  Type  2,  we  tried  to  make  each 
measurement  measuring  rate  approximately  the  same. 
Hardware  components  between  Type  2  and  Type  3 
systems  are  almost  the  same  and  a  Type  3  system 
will  be  realized  in  the  near  future. 


HKASPRFMEHT  TECHNIQUES 

GI  and  SM  fibers  measurement  items  are 
classified  as  shown  in  Table  1,  in  regard  to 
measuring  sample  length. 


Table  1.  Measuring  items  and  sample  length 


fibers 

items 

sample  length 

attenuation 

long 

GI  fibers 

baseband  response 

long 

structural  parameters 

short 

spectral  attenuation 

long 

SM  fibers 

cutoff  wavelength 

short 

mode-field  diameter 

short 

structural  parameters 

short 

^dispersion 

short  or  long  ) 

long  :  more  than  50  m  up  to  20  km  or  more, 
short:  typically  2  m. 


Here,  much  time  is  consumed  in  cutting  a  samDle 
fiber  and  setting  its  endface  in  a  holder. 
Therefore,  reducing  endface  preparation  time  as  far 
as  possible  is  important  for  realizing  fast 
throughput.  From  Table  1,  it  is  found  that  long 
sample  measurement  is  more  common  for  GI  fibers, 
whereas  short  sample  measurement  is  more  common  for 
SM  fibers.  Thus,  a  sid<  launch  excitation  technique 
(SLET)^  was  developed  for  GI  fiber  structural 
parameters  measurement.  This  makes  it  possible  to 
measure  structural  parameters  in  a  long  sample, 
thus  rendering  it  needless  t.o  cut  down  a  long  fiber 
into  a  short  piece  by  means  of  side  launch  using  a 
fiber  bend.  If  a  reference  fiber  comparison  method 
is  employed  for  attenuation  and  baseband  response 
measurement.,  then  all  measurement  requires  only  one 
endfuce  preparation. 

For  SM  fibers,  however,  it  is  very  difficult 
to  measure  all  items  on  a  long  sample,  so  the 


TYPE  1 


TYPE  2 


TYPE  3 


T  EQUIPMENT 
F  :  FIBER 

Fig.1  Basic  constructions  of  the  automated  optical 
fibfci  test  system. 


cutback  method  is  adopted  for  the  loss  spectrum 
measurement.  This  measurement  occupies  the  most 
measuring  time  and  requires  the  following 
sequential  procedures: 

1) long  sample  measurement 

2) short  sample  measurement  for  attenuation 
evaluation 

3)  short  sample  measurement  under  bending  for 
cutoff  wavelength  evaluation 

To  reduce  each  procedure's  measurement  time,  fast 
and  precise  equipment  war,  developed  using  Fourier 
Transform  Spectroscopy. 


Attenuation  and  Baseband  response  for  GI  fibers 


These  two  items  are  measured  by  the  referenct 
fiber  comparison  technique  (RFCT).  Loss 
measurement  setup  for  GI  fibers  consists  of  a  1.3 
pm  wavelength  LED,  an  InGaAs  photodiode,  a  3D- 
alignment  pulse  stage  pair  and  ar.  A/D  converter. 
Optical  power  is  launched  through  a  steady  state 
GSG  exciter0,  and  is  detected  through  an  80  pm  core 
step-index  fiber.  Baseband  frequency  measurement 
setup  consists  of  a  1.3  pm  wavelength  LD,  a  GeAPD, 
a  3-D  alignment  stage  pair,  a  synthesized  sweeper 

and  a  selective  voltmeter.  An  SGS  overfill-mode 

n 

exciter  and  an  80  urn  core  step-index  ieteci  ing 
Tiber  were  used. 

To  make  systems  much  more  suitable  Tor 
automated  operation,  a  spatial  butting  method  is 
used  for  launching  and  detection,  instead  of  fusion 
splice  method  or  a  matching  oil  filling  method.  In 
order  to  obtain  high  butting  method  precision,  the 
most  important  point  is  to  reduce  *  he  influence  of 
the  unstable  launching  ^..ndition  between  test-fib^r 
end  facer  and  launch/detec  t  f  i  h a r  e r, d fa r  *=•  s  .  T wo 
methods  were  combined  tc  combat  -.his  instability. 
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First,  a  precise  non-contact  endface  gap  sensor 
was  built  in  for  automated  alignment  with  high 
repeatability.  Second,  a  spatial  averaging 
technique  was  developed  to  reduce  the  influence  of 
multi-reflection  interference  .  By  varing  the 
endface  gap  within  a  range  of  about  six  microns 
along  the  fiber  axis,  coupled  optical  power 
repeatability  can  be  obtained  below  0.02  dB. 
Practical  power  repeatability  is  governed  by 
alignment  repeatability,  s, ,  repeatability  due  to 
endface  inclination  distribution,  s2,  and  source 
power  instability,  Sj.  Overall  repeatability  for 
automated  alignment,  stotal’  summarized  in  Table 
2  for  loss  measurement,  where: 


2  2  2  2 
stotal  =S1  +s2  +s3  > 


Table  2.  Loss  measurement  reproducibility 


Element 

value 

condition 

S1 

s2 

0.02  dB 
0.01 

two  endfaces 
.6  degree  inclination1 

0.05 

2  degree  inclination 

s3 

0.01 

stotal 

0.023  dB 

.6  degree  inclination 

0.056  dB 

2  degree  inclination 

These  reproducibilities  are  approximately  the  same 
as  those  of  the  conventional  manual  cutback 
method.  Experimentally  observed  attenuation  error 
of  RFCT  relative  to  the  cutback  method  is  shown  in 

Table  3. 


Table  3.  RFCT  attenuation  error  relative  to  the 
cutback  method 


Test 

fiber 

RFCT 

Lr 

cutback 

Lc 

error 

L  -L. 
r  c 

1 

.348  dB 

.354  dB 

-.006  dB 

2 

.172 

.291 

-.119 

3 

.523 

.356 

+  .167 

4 

.368 

.395 

-.027 

5 

.216 

.314 

-.098 

6 

.717 

.674 

+  .043 

7 

.897 

.799 

+  .098 

8 

.824 

.764 

+  .060 

9 

.677 

.745 

+  .068 

10 

1  .027 

.982 

-.045 

average 

- 

- 

+.014  dB 

(NOTE)  at  1.3  pm  wavelength, 

test  fibers  are  500  to  1,000  meters  long. 


Discrepancy  from  the  conventional  method  is  small 
enough  on  average.  The  small  difference,  which  may 
become  significant  in  some  application,  reflects 
the  different  structural  parameters  of  the 
reference  fiber  and  the  test  fiber.  If  ntccessary, 
deviation  from  the  cutoff  method  can  probably  be 
diminished  by  a  correction  using  structural 
parameters  which  are  almost  simultaneously  measured 
by  the  automated  system. 


For  baseband  measurement,  RFCT  has  been 
conventionally  used.  This  automated  system's 
reproducibility  is  almost  the  same  as  that  in  the 
conventional  manual  method.  Within  0.10  dB 
reproducibility  was  obtained  at  800  MHz  at  an 
endface  inclination  ranging  from  0  to  2  degrees. 


Structural  Parameters  for  GI  fibers 


By  the  side  launch  excitation  technique 
(SLET)  shown  in  Fig. 2,  f as  u  measurement  of 
structural  parameters  can  be  done  without  cutting  a 
short  piece  from  the  long  fiber-’.  Core  diameter 
reproducibility  by  SLET  is  compared  to  that  of  the 
conventional  transmitted  near-field  technique 
(TNFT)  in  Table  4.  Core  diameter  error  in  SLET 
relative  to  that  in  TNFT  is  also  shown  in  Fig. 3. 


Fig. 2  Structural  parameter  measurement  diagram 
using  the  side  launch  excitation  technique 
for  GI  fibers. 


Table  4.  SLET  reproducibility  compared  with  TNFT 
(core  diameters  standard  deviation) 


Sample  § 

SLET 

TNFT 

1 

0.09  pm 

0.07  pm 

2 

0.08 

0.07 

3 

0.10 

0.06 

4 

0.10 

0.08 

average 

0.09  pm 

0.07  pm 

SLET  reproducibility  approximately  equals  TNFT 
reproducibility.  Relative  error  is  within  0.40  pm. 
These  values  are  sufficiently  small  for  core 
diameter  measurement.  Using  this  method  reduces  the 
time-consuming  fiber-end  preparation  process. 


Mode-Field  Diameter  Measurement  for  SM  fibers 


This  item  is  measured  by  the  scanning  fiber 
probe  technique(SFPT) .  A  one-dimensional  far-field 
technique  is  the  easiest  method  for  measuring  the 
mode-field  diameter  of  an  5M  fiber.  A  detector's 
practical  sensitive  area  is  much  greater  than 
typically  specified  diameter,  hence  endface 
separation  must  be  large  enough  not  to  be 
influenced  by  the  large  diareter.  Endface  are 
conventionally  separated  by  80  to  120  milimeters. 
A  relation  between  the  Fraunhofer  limit  and 
detector  surface  sensitive  area  was  investigated 
theoretically  and  experimentally.  It  is  found  that 
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Fig. 3  Measured  core  diameter  comparison  of  SLET 
and  TNFT  for  GI  fibers. 


Fig. 4  Mode-Field  estimation  errors  as  a  function  of 
endface  separation  between  the  fiber  under 
testing  and  the  detectorfa  pr^be  fiber). 

Solid  lines  are  computed  results.  Triangles 
»,*are  experimental  results  obtained  by 
rotational  scanning  detector  method.  Circles 
are  results  obtained  by  a  linear  scanning 
fiber  probe  method. 


endface  separation  between  the  test  fiber  and  the 
detector  surface  can  be  reduced  to  several 
milimeters  by  using  a  fiber-probe  coupled 
detector11.  Calculation  and  experimental  results 
are  shown  in  Fig. 4.  According  to  these  results, 
small-sized  and  faster  measurement  became  possible 
because  of  reduced  scanning  range  and  a  strong 
optical  field. 


Attenuation  &  Cutoff  Wavelength  Measurement 

for  3M  Fiber; 

A  Fourier  transform  spectroscopy i FTS )  using  a 
Michelson  interferometer  was  applied  to  the 
spectral  attenuation  and  cutoff  wavelength 
measurement,  instead  of  conventional  spectroscopy 
using  a  monochromator.  This  method  is  faster  fhar, 
the  conventional  one  because  an  interferogram 
entirely  constructed  by  light  flux  can  be  measured 
by  short-distance  mirror  scanning.  The  final 
results  of  over  the  full  spectrum  range  from  0.8  to 
1.6  urn  are  obtained  in  less  than  0.5  second.  In 
order  to  reduce  noise  influence,  a  time  domain 
interferogram  averaging  method  was  developed,  which 
is  superior  to  the  spectrum  domain  averaging  method 
in  signal-to-noise  ratio  enhancement  effect.  When 
using  an  InGaAs  diode  as  a  detector  with  fc4  round 
averaging,  the  rms  noise  level  can  be  reduced  to 
less  than  -85dBm  in  about  only  30  seconds.  A 
reproducibility  test  sample  is  shown  in  Fig. 5(a), 
Standard  deviations,  s  ,  averaged  in  the  range 
above  cutoff  wavelength  (from  1.4  to  1.6  pm)  are 
also  shown  in  Fig. 5(b)  plotted  as  a  function  of  the 
interferogram  averaging  number.  0.02  dB 
repeatability!  3say  )  can  be  obtained  over  just  16 
rounds  averaging  in  8  seconds.  This  rapid 
measurement  enables  high  total  automated  system 
throughput. 


SYSTEM  CONSTRUCTION 


The  basic  construction  of  the  automated  test 
system  is  shown  in  Fig. 6.  The  main  hardware 
components  are,  as  follows: 

1) 3  to  5  pairs  of  three  dimensional  compact  pulse 

stage  40  milimeter  width):  Launch/detect  optics 
are  assembled  on  the  xy  stage  and  a  sample  fiber 
holder  is  transported  or  the  z  stage 

2) a  common  x  shift  stage  suitable  for  measuring 
optical  fiber  ribbons  including  up  to  10  fibers: 

z  stages  are  assembled  on  it 
3, a  manipulator:  Up  to  10  fiber  holders  can  be 
transported  at  a  stroke 

4) local  controllers:  All  stages  and  a  manipulator 
can  be  con*,  rolled  by  the  corresponding 
controllers 

5) measuring  equipment  for  all  measuring  items:  For 

example,  a  halogen  light  source  and  an  FTS 
michelson  interferometer  are  assembled  for 
spectral  attenuation  measurement 

6) a  host  computer:  It  runs  multitask  programs, 
controls  the  local  controllers  and  the  measuring 
equipment,  and  processes  data 

7) an  Si ET  module:  It  has  fiber  bend  mechanisms  and 
light  sources  (only  for  GI  fibers) 

8) a  bending  machine:  It  is  added  for  cutoff 
wavelength  (only  for  SM  fibers) 

Multitask  softwares  for  the  GI/SM  systems  are: 

1 ) main  controller-scheduler 

2) loss/cutoff  wavelength  module  controller 

3 ) baseband/mode-f ield  diameter  module  controller 

4) structural  parameter  module  controller 

5) data  processor-filer 
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Fig. 5(a)  FTS  measurement  reproducibility,  attenua¬ 
tion  standard  deviation  to  10  rounds 
measurements,  as  a  function  of  wavelength 
(when  the  averaging  number  is  64). 


Fig. 6  A  block  diagram  of  the  constructed  automated 
optical  fiber  test  system. 
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Fig. 5(b)  FTS  measurement  reproducibility,  attenua¬ 
tion  sample  standard  deviation  to  10 
rounds  measurements,  as  a  function  of  the 
interf erogram  averaging  number. 


These  host  programs  are  constructed  on  a  Hewlett 
Packard  902OAS  computer.  These  programs  control 
module  controllers  by  macro-commands  through 
GPI B( IEEE488- 1 978  interface  bus).  Each  module 
controller  consists  of  an  8  bit  CPU  with  each 
driver  program's  ROM. 

The  photos  of  these  two  systems  are  shown  in 
Fig. 7 (a)  and  (b). 


SYSTEM  PERFORMANCE 


The  GI  fiber  system  applied  to  single  coated 
fibers  has  its  performance  summarized  in  Table  5. 
This  result  shows  that  the  measurement  rate  for  GI 
fibers  is  8  to  10  times  greater  than  that  of  the 
conventional  manual  measurements  with  equal 
reproducibility. 


Fig. 7(a)  The  system  for  GI  fibers  (alignment 


systems,  a  manipulator  and  local 
controllers) . 


Fig. 7(b)  The  system  for  SM  fibers. 


( 
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Table  5-  Performance  of  the  ul  fiber  system 


Items 

method 

time 

repeatability 

loss 

6dB  frequency 
structural 
parameters 

RFCT 

RFCT 

SLET 

2  min 

3  min 
3  min 

.  10.02  to  0.05dB 
.  2  to  10  % 

.  0.4  umtccre  dia. ) 

0.2  pm (clad. dia. ) 
0.3  ^(eccentricity) 
0.005(N.A.) 

0.3  %(noncircular . ) 

total  time/fiber 
/all  items 

3min.45 

sec  (with  multitask 
&:  transportation) 

(note)  Each  time  includes  automated  alignment. 


Performance  shown  in  Table  6  is  of  the  SM 
fiber  system  applied  to  an  optical  fiber  ribbon 
containing  10  SM  fibers. 


Mr. A. Sakamoto  and  Dr.Y .Koyamada  for  their  useful 
suggestions  and  comments.  The  authors  also  would 
like  to  thank  Dr.N.Kojima  and  Dr.N.Uchida  for  their 
encouragement  throughout  this  work. 
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Table  6.  Performance  of  the  SM  fiber  system 
(  applied  to  10-fiber  optical  fiber  ribbons  ) 


Items  method 

time 

repeatability 

loss  spectrum  & 

FTS 

10. 04  dB 

cutoff  wavelength 

<5  min. 

2nm 

mode  field  dia. 

SFPT 

2  min. 

0.05  pm 

structural 

TNFT 

2  min. 

0.1  pm(clad.dia. ) 

parameters 

0.2  pm(eccentricity 

total  time/fiber 

5  min. 

(with  multitask 

/all  items 

&  transportation) 

(note)  Again,  tin.  "xn’ -.ins  automated  alignment. 


Similarly,  these  results  also  show  that  the 
measuring  rate  for  SM  fibers  is  7  to  10  times 
faster  than  the  conventional  methods.  A  remarkable 
feature  of  these  systems  is  that  we  can  add  one  or 
two  measuring  items  to  these  systems  beyond  those 
mentioned  above,  such  as  backscattered  power  and 
dispersion,  and  the  throughput  mentioned  above 
remains  nearly  the  same  due  to  the  system's 
multitask  operation.  Almost  all  operations  for 
alignment  and  measurement  arc-  independently  done  by 
local  controllers  and  measuring  equipment. 


CONCLPSIOH 

Two  types  of  all-in-one  high-speed  automated 
optical  fiber  test  systems  are  developed,  or.  which 
all  specification  items  are  measured  under  the 
control  of  only  one  operator.  One  type  measures 
graded-index  multimode  fibers  and  the  other 
measures  single-mode  fibers.  Optical  fiber  ribbons 
containing  up  to  10  fibers  can  be  directly  measured 
by  tnese  systems  without  peeling  off  each  fiber. 
The  measuring  rate  is  many  times  faster  than  the 
conventional  semi-automated  method. 
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THE  IMPORTANCE  AND  APPLICATION  OF  DISPERSION  OF  MULTIMODE 
FIBER  IN  LAN's  AND  ITS  RELATION  TO  NA 

M.  J.  Hackert 


Corning  Glass 
Corning,  New 

Abstract 

In  the  search  for  more  cost  effective 
solutions  to  communications  needs,  system 
designers  are  now  giving  more  consideration  to 
using  wide  spectral  width  sources  such  as  LED's, 
performing  wavelength  division  multiplexing  (WDM), 
and  increasing  the  system's  operating  frequency  or 
bit  rate.  In  these  cases,  chromatic  dispersion  of 
multimode  fiber  (MMF)  can  be  very  significant  and 
should  be  a  specified  optical  parameter  to  ensure 
proper  system  operation. 

To  save  the  system  designer  the  expense  of 
costly  dispersion  measurements  which  minimize  the 
risk  that  the  system  will  not  meet  specification, 
a  simple  means  of  accurately  calculating  the 
chromatic  dispersion  from  MMF's  numerical  aperture 
(NA)  fabricated  by  Coming's  outside  vapor 
deposition  (OVD)  process  has  been  developed. 
Theory  prodi'-tt  that  a  relationship  between 
dispersion  and  NA  should  exist.  This  paper 
presents  the  results  of  an  experiment  (Appendix  2) 
that  characterized  this  dispersion  versus  NA 
relationship  for  all  common  MMF  types  and 
summarizes  the  means  of  applying  the  calculated 
dispersion  to  a  given  system  design  (Appendix  3). 


The  information  carrying  capacity  of  optical 
fibers,  both  single-mode  (SMF)  and  multimode 
(MMF),  Is  limited  by  the  temporal  dispersion  which 
occurs  In  a  fiber.  There  are  two  main  forms  of 
dispersion  which  occur  in  optical  fibers: 
chromatic  dispersion  and  tntermodal  dispersion. 
Chromatic  dispersion  consists  of  two  components  - 
material  or  Intramodal  dispersion  and  waveguide 
dispersion. 


Table  1  -  Types  of  Dispersion 

1)  Chromatic  Dispersion 

a)  Material  or  Intramodal  Dispersion 

b)  Waveguide  Dispersion 

2)  Intermodal  Dispersion 


Works,  SP-BN 
York  14831 

Chromatic  dispersion  measurements  typically 
give  a  value  which  is  Inclusive  of  Its  two  parts. 
Intramodal  dispersion,  or  within  mode  pulse 
broadening,  Is  caused  by  the  fact  that  light  at 
different  wavelengths  propagates  at  different 
speeds  due  to  the  material  characteristics  of 
silica  based  glass.  This  effect  can  thus  be 
minimized  by  using  a  source  with  a  known  central 
wavelength  and  a  narrow  enough  spectral  width  so  a 
pulse  of  light  (being  carried  by  one  mode  of  the 
fiber)  sees  essentially  one  propagation  delay. 

Waveguide  dispersion  results  from  the  fraction 
of  the  power  In  the  highest  order  mode  which 
propagates  In  the  cladding  changing  as  a  function 
of  wavelength.  (This  should  not  be  confused  with 
cladding  modes  which  are  undesirable  and  which 
typically  are  attenuated  by  the  fiber’s  coating.) 
For  multimode  fiber,  waveguide  dispersion  Is 
negligible  because  the  relative  percentage  of  the 
cladding  power  is  so  small.  However,  for 
single-mode  fiber,  the  percentage  of  the  power 
carried  outside  of  the  core  of  the  fiber  Is  large 
enough  to  make  It  a  contributing  factor.  In 
practice,  one  value  for  chromatic  dispersion  is 
reported  because  It  is  difficult  to  separate 
waveguide  dispersion  from  Intramodal  or  material 
dispersion.  A  bandwidth  (chromatic  bandwidth)  can 
be  calculated  from  the  chromatic  dispersion. 

Intermodal  pulse  broadening  occurs  because  all 
of  the  modes  (rays  of  light)  of  a  multimode  fiber 
do  not  arrive  at  the  output  of  the  fiber  at  the 
same  time.  Although  grading  the  Index  of  the  core 
improves  the  consistency  of  the  modal  delays’’, 
Intermodal  dispersion  will  still  have  an  Impact  on 
multimode  fiber  information  transmission,  even  for 
a  theoretically  ideal,  graded-index  profile.  In 
order  to  measure  the  Intermodal  dispersion,  a 
narrow  spectral  width  source  Is  chosen  so  that  the 
impact  of  chromatic  dispersion  Is  less  than  5%. 
The  resulting  measurement  Is  usually  called  the 
bandwidth  or  Intermodal  bandwidth  of  the  fiber  and 
Is  the  number  typically  specified  for  a  fiber. 


In  the  search  for  more  cost  effective 
solutions  to  communications  needs,  system 
designers  are  now  considering  using  wide  spectral 
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width  sources  such  as  LED's  and  performing  WDM  to 
increase  the  number  of  channels  per  fiber.  LED's 
usually  provide  lower  cost  and  better  reliability. 
However,  they  typically  operate  at  850  nm  which  is 
far  from  the  zero  dispersion  wavelength  (called 
Lambda  0  or  A0)  of  the  fiber.  Two  wavelength 
windows  which  are  typically  chosen  for  WDM 
operation  are  850  nm  and  1300  nm.  Although  the 
1300  nm  window  is  near  to  the  fiber's  zero 
dispersion  wavelength,  the  850  nm  window  is 
sufficiently  far  from  lambda  0  that  the  fibers' 
chromatic  dispersion  is  large  and  can  degrade  the 
bandwidth  significantly. 

Even  near  the  zero  dispersion  wavelength  of 
the  fiber,  chromatic  dispersion  can  become 
significant  as  the  transmission  frequency  or  bit 
rate  is  increased.  Increased  bit  rate  is  a  viable 
upgrade  scenario  being  considered  for  laser  based 
systems  already  in  the  field.  For  these  systems, 
the  designer  needs  to  know  the  fiber's  dispersion 
relative  to  the  system  source's  wavelength.  This 
will  permit  the  determination  of  whether  or  not 
the  system  will  operate  with  the  required 
signal-to-nolse  or  bit-error  ratio  at  the  higher 
operation  speed.  For  a  system  designer  to  take  the 
fullest  advantage  of  the  fiber's  capability  to 
carry  information  and  to  provide  the  most  cost 
effective  communication  system,  the  fiber's 
chromatic  dispersion  must  be  known. 

There  have  traditionally  been  two  common  ways 
to  minimize  the  impact  of  chromatic  dispersion  and 
avoid  explicit  consideration  of  it.  One 
alternative  is  to  use  a  narrow  spectral  width 
source  such  as  a  laser.  A  second  alternative  is 
to  choose  the  operating  wavelength  corresponding 
to  the  fiber's  zero  dispersion  wavelength 
(normally  near  1300  nm) .  These  alternatives  may 
have  been  a  viable  design  methodology  in  the  past. 
However,  in  today's  competitive  market,  they  are 
losing  commercial  acceptability  because  of  their 
inherent  higher  cost  penalties. 

Dispersion  measurements  (described  later  in 
Appendix  1)  are  relatively  complex,  are  typically 
time  consuming  to  perform,  and  require  a  large 
investment  in  capital  equipment.  This  leads  to  a 
high  cost  for  the  measurement.  Since  the 
dispersion  of  the  fiber  does  not  change  from  the 
time  of  manufacture,  a  system  designer  should 
insist  on  manufacturer  specifications  for 
chromatic  dispersion.  Chromatic  dispersion 
specification  by  the  fiber  manufacture  provides 
the  system  designer  with  a  vital  piece  of 
information  which  is  required  to  remove  some  of 
the  risk  that  the  system  will  not  operate  at  the 
needed  bandwidth  or  bit  rate. 

Application  of  Dispersion 

In  order  to  estimate  the  system  bandwidth,  the 
chromatic  dispersion  of  the  fiber  must  be  known. 
Some  manufacturers  provide  a  specified  value  of 
chromatic  dispersion  for  their  single-mode  fiber 
similar  to  that  provided  for  Coming's  single-mode 
fiber  or  LIIF™  62.5  p  m  multimode  fiber.  The 
specification  should  bracket  the  fibers'  zero 
dispersion  wavelength  with  a  certain  range,  and 


also  should  bracket  the  slope  of  dispersion  versus 
wavelength  at  the  zero  dispersion  wavelength. 
Such  a  specification  is  a  minimum  requirement  for 
sound  system  design. 

In  some  cases  the  system  designer  may  desire 
an  even  more  precise  estimate  of  a  specific 
fiber’s  chromatic  dispersion.  Traditionally,  this 
required  expensive  and  difficult  measurements  of 
the  individual  fiber.  Recently,  Corning  has  found 
a  very  strong  empirical  relation  in  its 
manufacturing  process  between  fiber  NA  and 
chromatic  dispersion  (see  Appendix  1  and  2). 
Since  an  individual  fiber's  NA  measurement  is 
easier  to  make  than  a  dispersion  measurement  and 
is  a  normal  production  measurement  on  Corning 
fibers,  this  relationship  allows  precise 
calculation  of  a  fiber's  Chromatic  dispersion 
(Equations  3,  7,  and  8  in  Appendix  1  and  2). 
Because  of  variations  between  fiber  manufacturing 
processes,  this  empirical  relation  is  only 
expected  to  apply  to  Corning  fiber;  other 
relations  could  also  be  derived  for  fiber  from 
other  manufacturing  processes. 

It  was  implied  earlier  that  dispersion  becomes 
more  significant  as  the  operating  wavelength 
shifts  further  and  further  off  the  zero  dispersion 
wavelength.  This  effect  has  been  modeled  using 
the  equations  for  chromatic  dispersion  developed 
in  Appendix  1  and  2,  and  translating  the  two 
dispersion  factors  (chromatic  and  lntermodal)  into 
system  bandwidth  (see  Appendix  3). 


800  900  lOOO  1100  1  200  1  300  1  400  1  500  1  600 

Wav«(«ngth  (nm) 

Maximum  Spectral  Width  For  A  10% 
lntermodal  To  System  BW  Error 

Figure  1 


The  Impact  of  spectral  width  as  a  function  of 
wavelength  is  displayed  In  Figure  l.  In  Figure  1, 
the  chromatic  dispersion  caused  by  the  spectral 
width  of  the  source,  where  the  difference  between 
the  system  bandwidth  and  the  manufacturer’s 
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specified  intermodal  bandwidth  is  10%,  is  plotted 
as  a  function  of  wavelength.  The  NA  used  in  the 
dispersion  calculation  was  chosen  to  be  0.20  and 
0.275,  which  corresponds  to  the  nominal  values  of 
the  more  popular  fiber  sizes,  50  and  62.5pm 
fiber,  respectively.  A  range  of  system  bandwidths 
were  evaluated  -  in  this  case  100,  200,  and  400 
Mhz . km . 


■i  number  of  key  observations  can  be  made  from 
Figure  1.  First,  irrespective  of  system  bandwidth 
and  fiber  NA,  the  allowable  spectral  width  for  a 
10%  degradation  in  the  intermodal  bandwidth  at 
850  nm  is  small  (less  than  5  nm).  Next,  at 
1300  nm,  the  allowable  wavelength  region,  over 
which  the  spectral  width  is  Insignificant,  becomes 
much  narrower  as  the  expected  system  bandwidth 
increases.  Thus,  consideration  should  be  given  to 
how  tightly  the  nominal  wavelength  of  the  source 
should  be  specified  or  traded  off  against  a 
tighter  spectral  width  restriction.  Another 
observation  is  that  NA  tends  to  shift  the  curves 
to  longer  wavelengths  as  NA  Increases. 

From  the  discussion  to  this  point,  it  should 
be  evident  that  dispersion  has  the  ability  to 
limit  the  maximum  attainable  bandwidth  of  a 
system.  This  is  readily  apparent  in  Figure  2.  In 
Figure  2,  the  resultant  system  or  link  bandwidth 
is  plotted  versus  the  measured  intermodal 
bandwidth  at  850  nm.  For  the  calculation  of  the 
chromatic  bandwidth,  a  range  of  spectral  widths 
were  used  -  25  nm,  50  nm,  75  nm,  and  100  nm. 


Intvrmodal  Bandwidth  (MHz. km) 


Saactral 

Width 

25  nm 


50  nm 

75  nm 
100  nm 


System  Bandwidth  At  850  nm  For 
Various  Spectral  Width  Sources 


Figure  2 


The  impact  of  dispersion  at  850  nm  Is  very 
dramatic.  The  maximum  system  bandwidth  approaches 
170,  90,  Fn  anH  45  Mhz. km  for  25  nm,  50  nm, 
75  nm,  and  100  nm  spectral  width,  respectively. 


These  system  bandwidths  are  reduced  by  5  to  10 
Mhz. km  for  0.275  NA  fiber  as  compared  to  the 
0.20  NA  fiber  which  has  lower  dispersion  at 
850  nm.  Therefore,  depending  on  the  spectral 
width  of  the  system  source,  choosing  a  fiber  with 
a  higher  bandwidth  may  have  little  or  no  effect  on 
increasing  the  end-to-end  system  bandwidth. 

The  degradation  in  the  information  carrying 
capacity  of  a  link  due  to  the  spectral  width  of 
the  source  was  demonstrated  in  Figure  1.  First, 
the  spectral  width  at  which  the  chromatic 
dispersion  causes  the  system  bandwidth  to  be 
reduced  by  10%  from  the  fiber's  bandwidth  was 
plotted.  At  850  nm,  this  spectral  width  is  less 
than  5  nra.  Figure  2  shows  the  asymptotic  relation 
between  system  bandwidth  and  intermodal  bandwidth 
for  a  range  of  common  spectral  widths.  For  a 
spectral  width  of  100  nm,  the  system  bandwidth  can 
not  exceed  45  Mhz. km. 

Conclusions 


Chromatic  dispersion  for  a  multimode  fiber  can 
prevent  a  system  from  achieving  the  required 
Information  carrying  capacity,  irrespective  of  the 
bandwidth  of  the  fiber  used  in  the  system,  and 
should  be  evaluated  prior  to  installation. 
Therefore,  a  system  designer  should  insist  on 
specifying  chromatic  dispersion  when  using  wide 
spectral  width  sources  at  850  nm  such  as  LEDs. 
Also,  by  insisting  on  manufacturer  specifications 
for  chromatic  dispersion,  a  system  designer  can 
save  the  added  expense  of  costly  measurements 
(both  in  time  and  in  equipment). 

Since  it  is  not  practical  to  measure 
dispersion  on  every  fiber  at  every  wavelength,  a 
simple  means  of  accurately  predicting  dispersion 
from  NA  over  a  range  of  0.20  to  0.29  for  fiber 
manufactured  by  Coming's  OVD  process  has  been 
developed  and  presented  in  this  report.  Thus,  a 
system  designer  can  use  this  algorithm  to  more 
precisely  predict  the  information  carrying 
capacity  of  the  system  prior  to  actual 
installation,  and  consequently  optimize  the 
system. 


Appendix  1  -  Measurement  Overview 

Chromatic  dispersion  is  typically  measured  by 
the  Electronic  Industry  Association's  (EIA's) 
Fiber  Optic  Test  Procedure  (FOTP)  number  168*.  The 
technique  described  by  FOTP  168  is  relatively 
simple.  The  time-of-f light  differences  of 
different  wavelength  light  pulses  are  measured. 
A  centroid  calculation  is  used  to  improve  the 
precision  of  determining  the  pulse's  delay. 

Lasers  are  used  to  produce  the  pulses  to 
obtain  both  temporally  narrow  (on  the  order  of  400 
psec  or  less)  and  spectrally  narrow  pulses 
(typically  less  than  10  nm).  The  narrow  temporal 
width  allows  accurate  and  precise  determination  of 
the  pulses'  relative  time-of-f light .  The  narrow 
spectral  width  produces  limited  chromatic 
broadening  which  could  degrade  the  time-of-f 1 ight 
determination.  The  sources'  wavelengths  are 
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chosen  between  800  nm  and  1600  ns  to  achieve  a 
range  of  delays.  A  modesc rambler  is  used  to 
produce  a  spatially  and  angularly  overfilled 
launch.  Figure  3  presents  the  block  diagram  of 
che  apparatus. 


M<KM 


Multimode  Fiber  Chromatic 
Dispersion  Measurement  System 

Fiflur*  3 


The  delays  are  next  fitted  to  equation  1  by  a 
least-squares  curve  fitting  routine. 

[1|  T(X)  =  A  *  (  B  *  A2  )  +  (  C  *  A-2  ) 

where  T(X)  =  relative  time  of  flight 
X  i  wavelength 
A,  B,  and  C  -  fit  coefficients 


In  order  to  convert  the  time  delay  into 
dispersion  as  a  function  of  wavelength,  equation  I 
is  differentiated  to  give  equation  2. 


[2J  D(X)  =  (2*B*X)-(2*C*  X~3  ) 
where  D(X)  =  dispersion 


Equation  2  can  then 
equation  3. 


be  modified  to  yield 


13]  D( X)  *  So  *  X  *  1 

A 


where  X  >  zero  dispersion  wavelength 
=  slope  at  zero  dispersion 
wavelength 


The  zero  dispersion  wavelength  and  the  slope 
at  the  zero  dispersion  wavelength  fall  directly 
out  of  equation  3.  Because  of  their  ability  to 
completely  describe  the  dispersion  of  a  fiber, 
standards  organizations  have  agreed  to  specify 
dispersion  in  terms  of  a  range  of  zero  dispersion 
wavelengths  and  a  maximum  value  for  the  zero 
dispersion  wavelength's  slope.  Thus,  an  accurate 
determination  of  the  chromatic  dispersion,  which  a 
source  with  a  known  spectral  width  will  produce, 
can  be  made  by  a  designer  tc  ensure  that  the 
system  will  function  as  required. 

Several  additional,  useful  relationships 
between  the  fit  coefficients  B  and  C,  and  the  zero 
dispersion  wavelength  and  the  slope  at  the  zero 
dispersion  wavelength  are  given  in  equations  4 
and  5 . 

[4]  XQ  =  4/Tc/B  ) 

[5]  Sq  =  (  8  *  B  ) 

These  equations  allow  a  jump  between  the  fit 
to  the  delay  data  and  and  S0  without  having  to 
actually  perform  a  differentiation. 

Appendix  2  -  The  Experiment 

The  fiber  j  dispersion  results  from  the 
wavelength  dependence  of  the  prope"’»r< on  delay,  or 
index  of  the  glass,  which  makes  up  the  fiber's 
core  and  cladding.  The  exact  relationship  between 
dispersion  and  index  is  complex  and  is  outside  the 
scope  of  this  paper.  However,  it  depends  among 
other  things  on  the  NA  of  the  fiber.  This  is 
intuitively  acceptable  since  NA  is  also  a  function 
of  index  according  to  equation  6^, 


16]  NA  =  /(  nt2  -  n22  ) 

where  n^  =  core  index 
=  clad  index 

Since  theory  predicts  a  relationship  between 
dispersion  and  NA,  approximately  50  fibers  with 
NA's  covering  the  range  of  the  four  standard  MMF 
types  (0.20,  0.26,  0.275,  and  0.29)  were  selected 
and  measured  to  specify  the  range  of  MMF 
dispersion.  The  results  of  the  measurements  are 
plotted  in  Figures  4  and  5.  Figure  4  displays 
zero  dispersion  wavelength  ( >.0)  versus  NA;  and 
Figure  5  displays  the  slope  at  the  zero  dispersion 
wavelength  (S0)  versus  NA. 
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Conveniently,  a  linear  relationship  to  NA 
accurately  predicted  the  dispersion  results.  The 
regression  model  is  included  on  both  graphs  and 
are  given  in  equations  7  and  8. 


t7i  Aq  =  1221.04  *  (  425.78  *  NA) 
1 8 )  S0  '  102.234  -  (  22.16  *  NA) 


For  the  zero  dispersion  wavelength,  the 
correlation  is  visibly  quite  good  over  the  range 
of  NAs  from  .20  to  .29  (Figure  4).  In  the  case  of 
the  slope  (Figure  5),  the  correlation  is  limited 
by  the  measurement  error.  The  regression’s  root 
mean  squared  error  ( RSME  or  effectively  the 
standard  deviation  of  the  error  about  the  fit)  is 
on  the  order  of  the  measurement  reproducibility  of 
the  dispersion  measurement.  Therefore,  the 
relationship  is  as  good  as  could  be  expected 
without  making  major  improvements  to  the 
measurement  system. 

Appendix  3  -  System  Design  Equation 

Dispersion  takes  on  real  world  meaning  by  use 
of  a  few  simple  system  design  equations.  Because 
chromatic  dispersion  and  intermodal  dispersion  are 
statistically  independent,  they  can  be  added  in 
quadrature  as  given  in  equation  9^. 


19)  1 

BV2 

system 


1 

By; 

inter 


-  1 

BV2, 

chrom 


where  EUinter  »  intermodal  bandwidth 

caused  by  the  propagation 
delay  differences  of  the 
different  modes, 
multiplied  by  the  system 
length 

BWchrom  =  chromatic  or  intramodal 
bandwidth  resulting  from 
material  and  waveguide 
dispersion,  multiplied  by 
the  system  length 


The  intermodal  bandwidth  is  typically 
specified  by  the  fiber  manufacturer.  The 
chromatic  bandwidth  needs  to  be  calculated  from 
the  dispersion  by  equations  10  and  ll4. 


[10]  BU  chromatic  =  187,000  away  from  X 

Sigmachrom 

where  sigmachrom  =  (  .425  *  AX  *  D( X)  ) 

AX  =  full  width  half  maximum  ( FVHM ) 
spectral  width 

(11)  BV  chromatic  =  187, 000  near  X 

sigmachrom 

where  sigmachrom  =  [  (  . 425* AX*D( X)2  )  * 

(S2  *  (,425*AX)4/2)  )% 

Equation  102  applies  to  wavelengths  far  from 
the  zero  dispersion  wavelength  such  as  850  nm. 
However,  near  the  zero  dispersion  wavelength,  this 
equation  goes  to  zero  although  a  wide  spectral 
width  source  still  experiences  pulse  broadening. 
Therefore,  equation  11  includes  second  order 
effects  and  should  he  applied  to  wavelengths  near 
the  zero  dispersion  wavelength. 
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ACCURATELY  PREDICTING  CUTOFF  WAVELENGTH  OF  CABLED  SINGLE  NODE  FIBER 
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A  new  uncabled  fiber  deployment  was  developed 
to  accurately  simulate  the  cabling  induced 
curvature  effects  on  cabled  fiber  cutoff 
wavelength.  Cable  independent  linear  mapping 
routines  were  develop  experimentally  for  matched 
and  depressed  clad  fiber.  For  typical  effective 
bend  diameters  (curvature  of  fiber  inside  cable) 
of  100  mm  to  200  mm,  maximum  cutoff  wavelength 
shifts  of  22  nm  (depressed  )  and  50  nm  (matched) 
were  observed.  Comparison  between  simulated  and 
measured  cable  cutoff  wavelength  (FOTP-170)  showed 
good  correlation. 

I.  INTRODUCTION 

The  cutoff  wavelength  of  the  second  order, 
LPji*  mode  is  an  important  parameter  for 
characterizing  single  mode  fiber  because  it  is  the 
wavelength  above  which  single  mode  operation 
exists.  Operation  near  or  below  the  cutoff 
wavelength  increases  dispersion  and  produces  modal 
noise  (interference  between  the  first  and  second 
order  modes)  both  of  which  are  undesirable  from  a 
system  designer's  point  of  view.  The  theoretical 
cutoff  wavelength  can  be  easily  calculated  from 
fiber  design  information  (i.e.  refractive  index 
difference  and  core  diameter),  however,  this 
parameter  is  of  little  importance  because  near 
cutoff  wavelength  both  length  and  curvature 
effects  substant ially  increases  the  attenuation  of 


the  LP^  mode.  For  this  reason,  an  effective 
cutoff  wavelength,  determined  from  a  fiber 
deployment  which  best  simulates  actual  condition, 
must  be  utilized. 

Accurate  prediction  of  cutoff  wavelength  for 
cabled  single  mode  fiber  is  desired  because  fibers 
which  exhibit  long  theoretical  cutoff  wavelength 
(above  operation  wavelength)  and  possess  improved 
performance  (more  resistance  to  micro/macro 
bending)  can  be  used.  To  achieve  this  on  a  routine 
basis  a  measurement  deployment  that  1)  simulates 
cabling  effects  precisely  ,  2)  is  not  dependent  on 
cable  design,  and  3)  allows  cabled  fiber 
performance  to  be  predicted  from  uncabled  data 
must  be  developed. 

The  Electronic  Industries  Association  (E1A) 
has  adopted  a  test  procedure  (FOTP-170)  [13  where 
cutoff  wavelength  is  determined  by  measuring  a  22 
meter  section  of  cabled  fiber.  This  method 
produces  results  which  best  simulates  worst  case 
field  conditions  (typical  minimum  restoration 
length),  however,  routine  measurements  would  be 
uneconomical  from  a  cablers  point  of  view  and 
impossible  for  a  fiber  manufacturer. 

To  remove  the  economical  drawback  of  the 
above  method  it  has  been  suggested  that  a  linear 
mapping  function  which  maps  uncabled  fiber  cutoff 
(FOTP-80)[2]  into  cabled  fiber  cutoff  be 
experimentally  determined  [3).  This  a  beneficial 
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procedure,  but  without  a  complete  knowledge  of  how 
cable  structure  effects  cutoff,  a  different 
mapping  would  be  required  for  each  cable  design 
and  aianufactor ing  process  change  (  a  very  time 
consuming  process) 


wavelength  is  introduced.  In  addition,  the 
relationship  between  cabling  induced  bending  and 
cutoff  wavelength  shift  (uncabled  -  cabled)  with 
focus  on  the  development  of  a  cable  independent 
mapping  routine  is  presented. 


It  has  also  been  suggested  that  the  cable 
deployment  conditions  of  F0TP-170  could  be 
simulated  by  substituting  the  20  meters  of  cable 
with  20  meters  of  uncabled  fiber  bent  at  a  minimum 
bend  radius  of  140  mm  [4],  This  substitution  is 
believed  to  be  based  on  the  facts  that  for  matched 
clad  fiber,  the  76  mm  bends  would  sufficiently 
strip  the  higher  order  modes  (at  the  wavelengths 
of  interest)  and  cabling  effects  would  be 
inconsequential,  and  conversely,  typical  depressed 
clad  fiber  ,  being  more  resistance  to  bending 
induced  losses  [3],  would  exhibit  only  a  length 
dependence , 

These  conclusions  may  be  adequate  for 
specific  cable  designs,  but  in  most  cases,  the 
results  would  be  extremely  pessimistic  due  to  an 
over  exaggeration  of  fiber  curvature  (i.e. 
effective  cabled  fiber  bend  diameters  of  100  mm  to 
200  mm  are  common).  In  this  paper,  a  new  method 
which  utilizes  both  length  and  curvature  effects 
to  accurately  simulate  cabled  fiber  cutoff 


II.  THEORETICAL  BENDING  LOSS  OF  LPU  MODE 

The  effective  cutoff  wavelength  is  the 
wavelength  where  the  loss  of  the  LP^j  exceeds  a 
required  value.  EIA/FOTP-170  specifies  cutoff  as 
the  wavelength  where  the  power  contribution  from 
the  second  order  mode  is  0.10  dB  as  referenced  to 
the  total  power  of  the  primary  mode.  Applying  the 
basic  loss  equation  to  the  above  condition, 

P  +  p  e  a 

0.1  dB=  10  •  loglc  — 1 — — 1 - (1) 

where  Pt  and  P2  are  the  total  power  of  the 
fundamental  and  second  order  modes  respectively, 
and  a  is  the  attenuation  coefficient  of  the  second 
order  mode,  requires  the  total  attenuation  of  the 
LPjj  to  be  19.38  dB  at  cutoff. 

Cable  cutoff  wavelength  can  be  determined 
theoretically  by  calculating  the  losses  of  the 
second  order  mode  for  the  bending/deployment 
conditions  of  FOTP-170  (Figure  1) 


(B)  Uncabled 

Fiber 


Figure  1  Schematic  diagrams  of  A)  deployment  for  cable  cutoff  per  FOTP  170, 
and  B)  simulated  cable  cutoff 


I 
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2  *  L„.  *  a,,  +  L  •  a  =  19.36  dB  (2) 

76  76  cable 


where  it  the  attenuation  dne  to  the  76  do 

mandrel,  a  ,,  it  the  ctbling  induced  bending 
cable 

lottet  calculated  Iron  an  effective  bend  diameter, 
it  length  of  fiber  around  the  76  mm  mandrel, 
and  L  it  a  compensation  factor  for  cable  length. 
The  effective  bend  diameter  can  be 
derived  mathematically  for  most  cable  structures, 
and  Eq.  (3)  applies  to  the  common  loose  tube, 
helical  pitch  design. 


R 


effective 


D  P> 

2  +  2n>D 


(3) 


where  D  is  the  helix  planar  diameter,  and  P  is  the 
helix  pitch  length. 

As  stated  earlier,  it  has  been  proposed,  and 
currently  in  the  ballot  approval  cycle  of  EIA, 
that  20  meters  of  uncabled  fiber  wrapped  around  a 
280  mm  mandrel  could  be  used  to  simulate  cabling 
effects.  Table  1  summarizes  the  calculated  shift 
in  cabled  fiber  cutoff  wavelength  with  respect  to 
effective  bend  diameter  as  compared  to  the  above 
recommended  simulation.  Both  depressed  and  matched 
clad  fibers  were  studied,  and  curvature  loss 
calculations  were  based  on  the  derivations 
presented  in  references  [6,7,8], 


F  i  ber 

Type 

Effective  Bend  Diameter  (mm) 

2S0 

200 

160 

120 

80 

Matched 

0 

0 

2 

1  1 

40 

Depressed 

0 

1 

1 

4 

18 

Table  1  Theoretical  shift  in  cable  cutoff 
wavelength  with  respect  to  effective  bend 
diameter.  All  results  are  referenced  to 
280  mm  simulation. 


For  both  fiber  types  the  76  mm  mandrels 
induced  the  most  bending  losses.  For  the  spectrum 
of  radii  analyzed,  matched  clad,  being  more  bend 
sensitive  [5] ,  showed  the  largest  overall  shift. 
In  either  case,  these  results  suggested  cabling 
effects  are  important  and  must  be  simulated  if 
accurate  predictions  of  cabled  cutoff  is  to  be 
achieved.  To  further  understand  this  impact  a  new 
simulation  technique  was  developed  ,  and  a  battery 
of  tests  conducted. 

in.  kiprbtmkktal  study 

Figure  1  shows  the  cable  deployment 
conditions  specified  by  FOTP-170,  and  the  fiber 
deployment  developed  to  offer  a  variable  scheme 
for  simulating  cabling  effects  on  cutoff 
wavelength.  With  the  addition  of  a  variable 
mandrel,  the  20  meters  of  uncabled  fiber  can  be 
looped  at  a  bend  diameter  equivalent  to  that 
occurring  inside  the  cable.  By  adjusting  the 
mandrel  size,  the  relationship  between  cabling 
induced  curvature  effects  and  cutoff  wavelength 
was  modeled. 

A  collection  of  commercially  available 
depressed  and  matched  clad  single  mode  fibers  were 
analyzed.  Each  sample  was  24  meters  in  length:  22 
meters  for  cable  cutoff  simulations  and  2  meters 
for  fiber  cutoff  wavelength  measurements.  All 
fibers  were  subjected  to  mandrel  diameters  ranging 
between  80  mm  to  280  mm,  and  cutoff  was  determined 
by  comparing  the  spectral  power  transmitted 
through  the  simulated  deployment  tc  that  when  an 
additional  smaller  diameter  mandrel  (typically  30 
mm)  was  introduced.  For  each  test,  the  20  meters 
of  looped  fiber  was  secured  and  removed  from  the 
mandrel  to  eliminate  the  possibility  of 
introducing  microbending.  Uncabled  fiber  cutoff 
was  determined  by  u  ing  F0TP-80  method  A. 
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Because  of  the  linearity  of  the  measured 
results  a  linear  least  squares  fit  was  used  to 
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develop  a  relationship  between  uncabled  and 
simulated  cutoff  wavelength.  Figures  2A  +  R 
illustrates  this  relationship  for  matched  and 
depressed  clad  fiber  respectively. 
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Figure  2  Relationship  between  simulated  cable 
cutoff  and  uncabled  cutoff  for  various  effective 
bend  diameters  (  A-matched  clad,  B-depressed  clad) 


For  the  most  part,  the  slope  of  each  curve  as 
a  function  of  bend  diameter  was  constant,  only  the 
intercepts  changed  (i.e.  relationship  between 


fiber  and  simulated  cutoff  remained  constant  over 
the  wavelength  range  of  interest,  only  the 
magnitude  of  this  relationship  changed  with 
respect  to  mandrel  diameter).  The  small  skewness 
observed  was  due  to  a  narrow  distribution  of  fiber 
cutoff  wavelengths. 

It  is  interesting  to  note  that  both  fiber 
types  possessed  a  critical  effective  bend  diameter 
(  200  mm  for  matched,  160  mm  for  depressed)  where 
curvature  effects  become  important. 

To  examine  the  above  effects  more  closely  the 
average  shift  in  cutoff  wavelength  for  each 
mandrel,  as  referenced  to  uncabled  ,  was 
calculated.  Figures  3A  +  B  illustrates  this 
relationship  for  both  fiber  types.  Also  shown  are 
theoretically  determined  curves  computed  from 
equations  (2)  and  (3).  Both  experimental  and 
theoretical  showed  a  comparable  dependence.  There 
was,  however,  a  bias  with  respect  to  critical 
diameter  implying  more  bending  loss  occurs  at 
small  bend  diameters.  This  offset  may  be  a 
function  of  nonuniformities  in  fiber  structure 
(from  ideal/theoretical)  and/or  coating  induced 
bending  losses.  In  any  case,  this  additional  loss 
would  be  present  in  cable  form,  and  for  typical 
bend  diameters  of  100  mm  to  200  mm  cntoff 
wavelength  shifts  of  22  nm  (depressed)  and  50  mm 
(matched)  would  occur. 

The  final  step  of  the  analysis  was  to  verify 
the  accuracy  of  this  new  simulation  technique. 
Five  loose  tube/helical  pitch  cables  with 
different  effective  bend  diameters  were  measured 
for  cutoff  wavelength  per  FOTP-170.  Each  sample 
was  24  meters  in  length:  22  meters  for  cable 
cutoff  deployment  and  2  meters  for  fiber  cutoff 
measurements  (F0TP-80),  Predicted  cutoff  was 
determined  from  fiber  cutoff  data  utilising  the 
experimentally  derived  mapping  functions.  When  the 
effective  bend  diameter  fell  between  fitting 
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Table  2  Measured  and  predicted  cabled  fiber 
cutoff  for  various  loose  tube  cable  structures  (D~ 
depressed  clad,  H-matched  clad). 
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Figure  3  Relationship  between  effective  bend 
diameter  and  cutoff  shift  (uncabled  -  simulated) 
for  A)  matched  clad  fiber  and  B)  depressed  clad 
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equations.  interpolation  was  used.  Table  2 
summarizes  the  results.  The  average  difference  and 
standard  deviation  (la)  between  predicted  and 
measured  results  were  .25  nm  and  3.2  nm 
respectively. 
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Figure  4  Comparison  between  predicted  and 
measured  cabled  cutoff  wavelength  for  A) 
matched  clad  and  B)  depressed  clad.  280  mm 
mandrel  simulation  is  shown  for  reference 
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Figures  4A  +  B  compare  predicted  end  measured 
date  (linearly  fitted)  for  tao  of  the  measured 
cables.  In  addition,  results  from  a  280  mm 
mandrel  simulation  are  shoan  for  reference.  The 
cable  shoan  in  Figure  4A  contained  depressed  clad 
fiber  and  exhibited  an  effective  bend  diameter  of 
160  mm.  Since  this  diameter  exceeded  the  critical 
diameter  for  this  fiber  type,  there  aas  little  to 
no  difference  betaeen  the  tao  simulation 
techniques  and  the  measured  results.  On  the  other 
hand,  the  cable  shoan  in  Figure  4B  had  an 
effective  bend  diameter  of  120  mm,  and  contained 
matched  clad  fiber.  In  this  example,  the  nea 
simulation  technique  and  measured  results  shoaed 
good  correlation.  The  280  mm  mandrel  simulation 
shoved  an  offset  of  approximately  40nm.  It  is 
obvious  from  this  condition,  that  if  accurate 
prediction  of  cabled  fiber  cutoff  vavelength  is 
required  cabling  induced  curvature  effects  must 
not  be  neglected. 

IV.  CONCLUSIONS 

The  cabling  induced  curvature  effects  on 
cabled  fiber  cutoff  vavelength  was  examined.  Both 
theoretical  and  experimental  results  shoved  cabled 
cutoff  wavelength  to  be  a  function  of  the  fiber's 
effective  bend  diameter  inside  the  cable.  For 
typical  bend  diameters  ranging  from  100  mm  to  200 
mm,  cutoff  wavelength  shifts  of  20  nm  to  50  nm 
(depending  on  fiber  design)  would  be  observed. 
Neglecting  curvature  effects,  or  inadequate 
simulations  (i.e.  20  m  fiber/  fixed  280  mm 
mandrel)  would  significantly  reduce  the 
effectiveness  of  cable  cutoff  wavelength 
specifications . 

A  new  uncabled  fiber  deployment  was  developed 
to  accurately  simulate  both  length  and  curvature 
effects  on  cutoff  wavelength.  This  simulation  is 
based  on  the  ability  to  calculate  the  effective 
bend  diameter.  Experimentally  developed  linear 
mapping  functions  showed  good  correlation  when 
compared  to  measured  (FOTP-170).  Knowing  the 


relationship  between  effective  bend  diameter  and 
cutoff  wavelength  allovs  cabled  cutoff  to*  be 
predicted  for  any  cable  design  without  the 
proliferation  of  numerous  mapping  routines. 
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ABSTRACT 

The  future  market  for  rural  wire  and 
cable  plant  is  primarily  influenced  by 
three  factors:  1.  aging  and  obsolete 

cable  plant,  2.  subscriber  growth,  and 
3.  ultimate  conversion  to  fiber 
optics.  The  current  REA-financed  rural 
loop  plant  is  well  designed  and  built 
using  Feeder  -  Distribution  Serving  Area 
designs.  This  article  examines  the 
model  of  current  loop  plant  using  the 
1986  REA  loop  study  and  investigates  the 
paths  for  transitioning  to  the  future 
loop  plant. 


THE  LOOP  STUDY 

In  1986,  the  Rural  Elect r i f ica t ion 
Administration  (REA)  completed  the  data 
collection  phase  of  a  random 
1,000  subscriber  loop  study.  Since  then 
we  have  translated  this  raw  field  data 
into  an  electronic  data  base  model  that 
we  use  to  simulate  and  analyze  rural 
telecommunications  plant  and  facilities 
in  the  United  States.  This  article  will 
concentrate  on  the  outside  plant  wire 
and  cable  aspects  of  the  loop  study. 

The  loop  study  data  consisted  of  four 
categories  of  information:  general 
interest,  measured  transmission  values, 
circuit  layout  schematic,  and  associated 
switch  information.  This  data  was 
collected  through  on-site  visits,  route 
checks  and  record  searches  on  each 
loop.  The  circuit  layout  schematic 
provided  the  data  base  for  the  wire  and 
cable  plant  analysis.  The  1,000  loops 
were  chosen  by  a  computerized  random 
search  routine  from  just  over  three 
million  rural  loops  financed  by  REA. 
Therefore  any  specific  numbers  referred 
to  in  this  article  can  be  multiplied  by 
3,000  to  statistically  sepresent  the 
total  rural  base  financed  by  REA. 


CURRENT  STATUS  OF  REA-FINANCED 
OUTSIDE  PLANT 

Since  1976,  REA  Engineering  Practices 
have  officially  endorsed  the 

Feeder-Distribution  Serving  Area  Design 
Concept  using  dual  fine  guage  cables  in 
rural  telecommunications  plant.  The 
1986  loop  study  has  provided  the  first 
check  on  how  well  that  design  philosophy 
has  been  implemented  by  the  telephone 
companies  and  their  engineers.  Figures 
1  through  3  illustrate  the  composition 
of  the  current  loop  plant.  Figure  1 
(Gauge  Sizes)  demonstrates  that  up  to 
about  60  kilofeet  (kf)  from  the  Central 
Office  the  dual  fine  gauge  design  of  24 
plus  22  gauge  has  been  followed 
rigorously.  Beyond  60  kf  the 

attenuation  and  resistance  of  the  loop 
necessitates  an  increasing  use  of 
19  gauge  cable  pairs.  Interestingly,  at 
about  70  kf  we  see  an  increasing  use  of 
the  finer  24  gauge  cable.  This  is  the 
result  of  the  use  of  remote  digital 
switches  where  the  availability  of  a  new 
battery  supply  allows  finer  gauge  cable 
pairs  to  be  used  at  that  distance  from 
the  host  Central  Office.  Figure  2 
(Cable  Pair  Sizes)  is  more  subtle  in  its 
demonstration  of  the  Serving  Area  Design 
Concept.  Note  the  change  in  slope 
between  the  large  (400  +  pairs)  cables 

and  small  (less  than  100  pairs)  cables. 
This  illustrates  the  use  of  large  pair 
count  cables  out  a  relatively  short 
distance  (generally  under  20  kf)  to  a 
Serving  Area  Interface  (SAI)  point  and 
small  pair  count  cables  predominately 
beyond  that  point.  Figure  3  (Cable  and 
Wire  Types)  does  not  illustrate  Serving 
Area  Design  but,  completes  a  picture  of 
the  cable  composition.  REA  has 

recommended  the  use  of  buried  cables  for 
over  2  decades  and  over  90  percent  of 
new  construction  is  buried  plant. 
Figure  3  demonstrates  this  policy  has 
been  effective  and  implemented  as  60  to 
70  percent  of  the  total  loop  plant  is 
now  buried. 
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DISTRIBUTION  MODEL  OF  SUBSCRIBERS 
AND  CABLES 

The  physical  layout  of  the  feeder  or 
distribution  cables  and  distribution  of 
tne  size  and  length  of  the  cable 
segments  are  governed  by  the  subscriber 
distribution,  the  natural  terrain 
features  and  the  physical 

infrastructure.  As  would  be  expected  in 
a  rural  environment,  the  routes  are 
characterized  by  low  subscriber  route 
density.  The  current  average  subscriber 
density  in  REA-financed  plant  is  5.7 
subscribers  per  route  mile.  Figure  4 
(Subscriber  Distribution)  gives  a 
graphical  picture  of  how  rapidly  the 
number  of  subscribers  decreases  with 
increasing  distance  from  the  central 
office  switch.  Exactly  half  of  all 
rural  subscribers  are  within  15  kf  of 
the  Central  Office  and  over  75  percent 
are  within  30  kf  .  An  average 
REA-financed  rural  switch  currently 
serves  only  998  subscribers.  Figure  5 
(Segment  Length  Distribution)  gives  a 
perspective  on  how  long  a  segment  of 
cable  can  be  placed  before  an  obstacle 
is  encountered  that  reguires  cutting  the 
cable.  Even  in  rural  areas  almost  50 
percent  of  all  cable  segments  are  less 
than  1,000  feet  long.  The  only 

exceptions  to  this  natural  distribution 
is  caused  by  the  use  of  load  coils.  REA 
has  standardized  on  D-66  loading  and  a 
decided  peak  in  segment  length  occurs  at 
the  4,500  foot  distance.  There  are  some 
systems  using  H-88  loading  as  shown  by 
the  minor  peak  in  seg  length  at 

6,000  f eet . 

TOTAL  RURAL  WIRE  AND  CABLE  MARKET 

The  rural  wire  and  cable  market  is 
composed  of  different  types  of  wiie  and 
cable  con.  truction  in  addition  to  the 
differences  in  pair  size  and  gauge 
previously  discussed.  Table  l  (Type  of 
Facility)  lists  14  different  types  of 
wire  and  cable  construction  as  sampled 
in  the  loop  at  ;oy.  The  total 
REA-financed  run .  rr  ir-.et  would  be 
approximately  3,000  tires  larger  because 
of  the  sampling  • a t  i  ■ .  The  loop  study 
data  confirms  that  buried  plant  is 
predominant  in  REA-fmanced  systems. 
Even  so,  there  is  still  >1."  st  10 
percent  of  the  p .  in*  '  :  *1 

r  o  n  s  t  r 1  i  c  •  i  o  n  . 

The  sheath  length  of  the  cables  depends 
on  their  usage  and  how  they  are 
installed.  Tip  cables  are  the  shortest 
and  average  only  37  feet  long  compared 
to  buried  filled  cables  averaging  2,603 


feet.  The  fiber  optic  cables  averaging 
48,784  feet  long  really  represent  the 
span  length  from  the  Host  Central  Office 
to  the  Remote  Switch.  There  are  fiber 
optic  splices  in  this  span  length,  but 
that  data  was  not  collected.  Average 
wire  lengths  are  generally  quite  long 
ranging  from  897  feet  to  2,586  feet. 

The  average  number  of  pairs  in  each 
cable  also  varies  by  the  type  of  cable 
from  4  pairs  for  a  buried  drop  cable  to 
1,206  pairs  for  a  filled  cable  placed  in 
underground  conduit.  Note  the  role 
reversal  in  cable  pair  size  between  air 
core  and  filled  core  cables.  Filled 
core  buired  cables  average  212  pairs  and 
filled  core  aerial  cables  average  125 
pairs.  The  egui valent  air  core  cable 
sizes  are  approximately  reversed  in 
size.  All  of  the  fiber  cables  currently 
used  in  the  loop  plant  are  sized  with  4 
fibers. 

In  addition  to  the  loop  study  data  we 
also  locked  at  the  sheath  miles  under 
contract  for  1987.  In  sheath  miles 
50  pair  cables  slightly  exceeded  the 
amount  for  the  25  pair  size.  Together, 
25  and  50  pair  cables  made  up  40  percent 
of  all  the  total  sheath  miles  contracted 
for  in  1987.  Also  on  a  sheath  mile 
basis  over  90  percent  of  the  contracted 
buried  cables  were  100  pair  or  smaller. 

FUTURE  RURAL  WIRE  AND  CABLE  MARKET 

The  future  rural  wire  and  cable  market 
will  be  a  product  of  at  least  three 
major  factors.  The  immediate  marke' 
will  be  a  need  to  replace  aging  an 
deteriorating  buried  air  core  cables.  A 
continuous  market  will  be  a  result  of 
subscriber  growth  in  rural  areas.  A 
long  range  market  will  be  the  total 
replacement  of  all  loop  plant  with  fiber 
optic  cables  to  accommodate  subscriber 
services  requiring  bandwirjths  not 
practical  or  available  with  capper  pair 
cables . 

Let's  look  first  at  the  buried  air  core 
cable  rural  market.  From  Table  1  and 
using  our  factor  of  3,000  we  estimate 
that  there  is  3.0  million  sheath  miles 
to  be  replaced  in  the  near  future. 
These  cables  are  generally  15  or  more 
years  old.  In  addition  they  usually 
have  some  moisture  content  which 
prevents  their  usage  for  carrier  based 
growth  designs.  An  analysis  of  the 
location  of  the  loops  containing  buried 
air  core  cables  was  performed.  Figure  6 
(Distribution  of  Sample  Loops)  is  a  map 
showing  the  number  of  loops  sampled  by 
state.  The  crosshatched  states  are 
those  that  loop  survey  data  indicated 
that  a*  leas'-  1/3  of  all  loops  tested 
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contain  some  buried  air  core  segments 
and  are  candidates  for  early  replacement. 

Figure  7  (Cable  Pair  Sizes  -  Air  Core 
Cable  Only)  is  a  graph  similar  to  Figure 
2.  Notice  the  difference  in  the  two 
graphs.  Air  core  cables  were  installed 
during  the  period  that  the  dedicated 
outside  plant  design  concept  was  used. 
This  resulted  in  larger  pair  size  cables 
for  longer  distances.  However,  when 
these  cables  are  replaced  they  will  be 
replaced  by  a  size  distribution  similar 
to  Figure  2  resulting  from  a  feeder  - 
distribution  design.  This  will  produce 
an  eguivalent  number  of  sheath  miles  but 
less  conductor  miles  in  the  replacement 
plant . 

Subscriber  growth  provides  a  continuous 
market  for  rural  outside  plant.  Table  2 
lists  the  rural  growth  for  residence  and 
business  subscribers  for  the  past  10 
years  in  REA-financed  systems.  Except 
for  the  years  1985-86  most  annual  growth 
rates  have  been  in  the  2.0  to  5.0 
percent  range.  The  10  year  compounded 
annual  rural  growth  rate  for  residence 
subscribers  was  3.3  percent  and  for 
business  subscribers  3.8  percent.  In 
seven  of  the  ten  years,  rural  business 
growth  rates  exceeded  the  residential 
rates.  Population  growth  in  the  South 
and  West  regions  of  the  United  States 
for  this  decade  have  far  exceeded  these 
rural  rates.  These  trends  are  expected 
to  continue  and  the  rural  cable  market 
due  to  subscriber  growth  will  be  largest 
in  the  South  and  West. 

Finally,  rn  the  long  run,  fiber  optics 
will  dominate  the  rural  subscriber  loop 
market.  Already,  as  shown  in  Table  1, 
we  have  55.4  miles  of  four  fiber  cable 
in  the  loop  plant  (1.3%  of  the  total). 
So  far  this  has  been  only  to  remote 
digital  switches.  Once  economical 
electro-optical  terminating  equipment  is 
developed  it  will  begin  to  replace 
feeder  routes  to  SAIs.  It  is  expected 
that  by  the  end  of  the  next  decade  all 
new  rural  feeder  routes  will  be  fiber 
optic  cables  . 

Out  analysis  of  the  1987  construction 
contracts  show  that  we  are  continuing  t-o 
install  fiber  optic  cables.  At  this 
time  it  is  primarily  for  interoffice 
trunk  routes.  Last  year  we  installed 
2025  sheath-miles  of  fiber  optic  cable. 
These  cables  are  being  placed  using  the 
same  construction  methods  as  for  copper 
cables.  We  are  direct  burying  89%,  with 
9%  aerial,  and  2%  in  underground 
conduit.  The  only  exception  to  normal 
construction  practices  has  been  the 


depth  of  placement.  Figure  8  (Cable 
Placement  Depth)  compares  the  placement 
depth  of  fiber  optic  cable  versus  copper 
cable.  Because  of  the  potential  to 
disable  a  larger  number  of  circuits, 
fiber  optic  cable  is  usually  placed  an 
extra  six  or  more  inches  deeper  than 
copper  cable  with  36  inches  being  the 
preferred  depth. 

FURTHER  SUBSCRIBER  LOOP  PLANT  INFORMATION 
As  a  service  to  the  telecommunications 
industry,  REA  has  made  the  entire  1986 
loop  study  data  base  publicly  available 
in  electronic  form  at  a  nominal  charge. 
It  is  contained  on  five  (5  1/4  inch) 
floppy  disks  organized  in  11  files 
containing  a  total  of  1,040  kilobytes  of 
data.  To  use  this  data  base  all  that  is 
required  is  for  the  user  to  have 
LOTUS  1-2-3  Version  2.0  or  better. 

To  purchase  these  disks,  send  a  check 
for  $25  payable  to  the  "Rural 
Electrification  Administration" . 

Address  your  request  to: 

Gerald  S.  Schrage 

Chief,  Systems  Engineering  Branch 

USDA/REA/TSD 

Room  2832-S 

Washington,  D.C.  20250-1500 
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TABLE  1 

TYPE  OF  FACILITY 


Cable  or  Quantity  of 

Wire  Type  Segments 

Sheath- 
Mi  les 

Conductor- 
Mi  les 

Avg .  Sheath 
Lenqth  (ft) 

Avg ,  # 
of  Pair 

Buried-Air  Core 

2,161 

996 . 6 

280, 177.4 

2,435 

14  1 

Aerial-Air  Core 

2,778 

1,110.2 

475,958.0 

2,110 

214 

UDG-Air  Core 

945 

10  1 . 4 

214,993.8 

567 

1 ,060 

Total-Air  Core 

5,884 

2 , 208 . 2 

971,129.2 

Bur  ied-Fi 1 led 

3,319 

1,636.4 

694 , 886 . 8 

2 , 603 

2  12 

Aerial-Filled 

251 

101.3 

25,329.1 

2  ,  130 

125 

UDG-Fi 1 led 

349 

37.1 

8,946.5 

561 

1 ,206 

Tota 1-Fi 1  led 

3,919 

1 , 774 . 8 

729, 162.4 

Tip  Cable 

57 

0.4 

242.5 

37 

311 

Buried  Drop 

1,116 

48.7 

369.2 

230 

4 

Submarine 

1 

0.2 

40.4 

1,066 

100 

Fiber  Optic 

6 

55.4 

443.4* 

48 , 784  *** 

4' 

Fi 1  led  Wi re 

35 

13 . 8 

78 . 4 

2 , 083 

3 

Dist  Wire 

80 

13.6 

124 . 6 

897 

5 

Buried  Wire 

74 

36.2 

191.3 

2 , 586 

3 

Open  Wire 

11 

3.2 

6.3 

1,517 

1 

TOTAL 

11, 183 

4,154.5 

1,784,200.4 

1,962 

215 

*Fiber-Mi les 
**Fibers 
***Span  Length 


TABLE  2 


RURAL 

SUBSCRIBER 

GROWTH 

Subscribers 

(000)  % 

Annua  1 

Growth 

Year 

Res . 

Bus  . 

Res  . 

Bus . 

1987 

4,383 

62  1 

3 . 4 

4  .  9 

1986 

4 , 240 

592 

0 . 8 

0 . 9 

1985 

4,205 

587 

1.0 

0 . 3 

1984 

4  ,  162 

585 

2 . 2 

5.0 

1983 

4,071 

557 

1.8 

1  .  6 

1982 

3 ,998 

548 

3  .  8 

5.0 

1981 

3 , 852 

522 

2 . 6 

3.0 

1980 

3 , 754 

507 

4  .  6 

5 . 2 

1979 

3,589 

482 

5.5 

2.3 

1978 

3,403 

471 

7 . 4 

10 . 3 

1977 

3,169 

427 

Ten  Year  Average  3.8  4.5 


I 
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Gauge  Sizes 
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FIGURE  1 


Cable  Pair  Sizes 

Percent  of  Sample 
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FIGURE  2 
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NUMBER  OF  SUBSOWBERS 
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Final  Approaches  in  Metallic  Cable  Technologies 
—  Improvement  of  Aerial  Distribution  Cable  System  — 

Atsushi  Matsuda,  Koji  Sakuda,  Seiji  Takashima 

Nippon  Telegraph  &  Telephone  Corp. 

Tokyo,  Japan 

1.  Abstract  cable  as  shown  in  Figure  1,  by  developing  new  materials. 

For  the  purpose  of  total  cost  reduction  in  aerial  manufacturing  techniques,  and  reliability  assessments, 
distribution  cable  systems,  NTT  has  rearranged  and 
drastically  reduced  the  number  of  specifications.  First, 
gauge  integration  from  a  4  gauge  method  to  a  2  gauge 
method  has  been  achieved  by  adopting  a  foamed 
polyethylene  insulation  technique.  But  this  type 
requires  an  improved  wearing  characteristic.  The  usual 
L.D.P.E.  has  thus  been  replaced  by  H.D.P.E.  and  a  double 
layer  structure.  In  addition,  laminated  aluminum 
polyethylene  (LAP)  structure  is  used  for  sheath.  Second, 
cable  structure  integration  from  round  type  to  self 
supporting  (SS)  type  has  been  achieved.  To  expand  the 
range  of  SS  cable  appl i ca t i ons ,  a  Zn-52A1  alloy 
messenger  strand  has  been  developed  to  counter  Figure  I  Cable  integration 

vibration  fatigue  of  the  messenger  strand  due  to  wind 
and  corrosion  in  coastral  areas. 

3.  Integration  of  Gauge  Diameter  and  Sheath  Structure 

2.  Background  3.1  Investigation  of  lowering  line  loss 

The  main  subject  in  technological  development  has  For  reducing  kinds  of  specifications,  the  usage  of 

been  shifted  to  the  area  of  optical  fiber  cable  from  larger  ga  ige  rusults  in  higher  cost.  Since  the  usage  of 

that  of  metallic  cable.  From  the  viewpoint  of  facility  finer  gauge  leads  to  loss  increases,  countermeasure, 

investment,  however,  metallic  cable  will  continue  to  such  as  coil  loading  or  two-way  repeater  installation, 

play  an  important  role  in  our  management.  must  be  adopted  to  compensate.  Furthermore,  these 

For  aerial  distribution  cables,  NTT  uses  color  measures  cause  other  problems  in  that  they  take  up 

coded  polyethylene  (CCP)  insulated  metallic  cable.  considerable  installation  space  at  the  central  office 

Specifications  for  this  type  of  cable  can  vary  and  are  restricted  by  the  wider  usage  of  frequencies  in 

according  to  gauge(0.4,  0.5,  0.65  and  0.9  mm),  number  of  transmission  lines  that  will  be  introduced  with 

pairs(  10,  30,  50,  100,  200  and  400),  sheath  progress  of  digitalization. 

structure(plain  and  laminated  aluminum  polyethylene)  In  terms  of  electrical  characteristics,  it  is 

and  cable  structure (round  type  and  self-supporting  type).  effective  to  use  a  foamed  polyethylene  technique  which 
On  the  other  hand,  since  privatization  in  1986,  NTT  is  normally  applied  to  underground  cables  such  as  jelly 

has  made  an  intense  effort  to  implement  cost-saving  filled  or  multi-pair  cables,  based  on  the  concept  of 

measures  in  plant  engineering,  the  flow  and  storage  of  keeping  mutual  capacitance  (50nF/km)  constant1, 

goods,  and  maintenance.  However,  NTT  requires  40nF/km  mutual  capacitance 

As  one  such  measure,  NTT  has  sought  to  drastically  using  a  foamed  polyethylene  technique.  Consequently,  NTT 

rearrange  and  reduce  the  specification  variables  of  CCP  realizes  a  line  loss  in  the  conventional  4  gauge  methoo 


258  International  Wire  &  Cable  Symposium  Proceedings  1988 


of  0.4,  0.5,  0.65  and  0.9  mm  by  substituting  1-rank 
finer  gauge.  In  other  words,  NTT  has  adopted  a  2  gauge 
method  in  which  0.4-mm  gauge  is  substituted  in  0.5-mm 
gauge  applications  and  0.65-mm  gauge  in  0.9-mm  gauge 
contexts. 

3.2  Applying  foamed  insulation  in  aerial  cable 

Aerial  cable  is  used  in  severe  natural  environments 
and  release  conditions2.  Thus,  applying  a  foamed 
polyethylene  insulation  technique  to  aerial  cable 
requires  measures  to  counteract  the  decline  in 
mechanical  and  physical  characteristics.  First,  high- 
density  polyethylene  (H.D.P.E.)  is  adopted  in  place  of 
low-density  polyethylene  (L.D.P.F.)  for  its  favorable 
physical  characteristics.  Second,  a  double  layer 
insulation  technique  consisting  of  foamed  core  and  solid 
skin  is  adopted.  Third,  laminated  aluminum  polyethylene 
(LAP)  sheath  is  adopted  for  its  excellent  mechanical 
properties. 

These  countermeasures  have  made  it  possible  to 
design  an  insulator  that  realizes  40nF/km  mutual 
capacitance.  40nF/km  is  based  on  manufacturing  ability 
of  the  present  jelly-filled  CCP  cable  whose 
characteristic  is  about  40nF/km  removing  the  filling 
jelly.  The  foaming  rate,  thickness  of  the  insulator  and 
solid  skin,  which  are  the  main  structural  parameters  of 
the  double  layer  insulator,  are  shown  in  Figure  2. 


Intulotor 


Figure  2  Oouble  layer  insulator 

It  is  required  that  the  maximum  increase  of  thickness  of 
the  insulator  be  10£  more  than  that  of  the  present 
cable,  because  the  thickness  relates  closely  to  cable 
weight  and  outer  diameter.  The  foaming  rate  and 
thickness  of  the  solid  skin,  which  depend  on 
manufac  jring  ability,  influence  mechanical 
characteristics  such  as  pin  hole  level.  Therefore,  the 


optimum  design  was  sought  by  checking  various  patterns. 
Table  1  shows  an  example  design  of  double  layer 
insulator.  Consequently,  line  loss  is  lowered  as  will  be 
described  in  3.3,  and  the  area  over  which  the  finer 
gauge  can  be  applied  can  be  extended  as  shown  in  Figure 
3. 


Table  1  design  of  double  layor  insulator 


item 

CCP-F 

CCP 

CCP-F  CCP 

gauge 

diameter 

0.4 

mm 

0.65  mm 

thickness  of 
insulator 

0.14  mm 

0.13  mm 

0.22  mm  0.20  mm 

thickness  of 
solid  skin 

0.03  mm 

0.03  mm 

foaming  rate 

40  % 

40  * 

Coble  line  length  (km) 


Coble  Ime  length  i  km ) 

Figure  3  Wider  application  of  finer  gauge 
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New  CCP  cable  having  this  double  layer  insulator 
and  adopting  the  countermeasures  described  above  is 
called  CCP-F  (Foasied)  cable.  CCP-F  cable  has  a  «enu  of 
0.9-mm  gauge  as  shown  in  Figure  3.  However,  this  is  a 
provisional  Measure  for  subscribers  requiring  high  line 
loss  compensating,  since  optical  fiber  cable  will  be 
substituted  in  the  near  future. 

3.3  Characteristics  of  CCP-F  cable 

The  characteristics  of  CCP-F  cable  are  evaluated 
against  conventional  CCP  cable  (solid  PE  type)  for 
aerial  cable  applications  which  require  stringent 
mechanical  requirements. 

(1)  Insulation  characteristics 

In  terms  of  heat-oxidation  inferiority,  CCP-F  cable 
has  no  problem  because  the  oxidation  inducing  time  of 
CCP-F  cable  is  31.8  minutes  (9  data  average)  which  is 
longer  than  that  of  CCP  cable  (more  than  11  minutes). 
Briefly,  the  test  method  was  as  follows.  After  400 
hours,  the  heat  disposition  of  film  condition  sample 
thickness  in  160  ±20um  in  70  X  Nz  atmosphere, 
oxidation  inducing  time  is  measured  at  200X  by  the  DSC 
method. 

The  pin  hole  level  is  required  to  be  less  than  that 
of  conventional  CCP  cable  which  is  2  pin  holes  per  3000 
m.  CCP-F  cable  satisfies  this  target.  The  test  method 
is  briefly  described  below.  After  soaking  3000  m-long 
gauge  in  water  for  1  month,  a  gauge  whose  insulate 
resistance  is  less  than  50u  n  ft  is  selected  as  a  poor 
insulator  having  pinholes. 

The  minimum  breakdown  voltage  of  insulation  is  3.3 
kV  in  0.4-mm  gauge  and  3.5  kV  in  0.65  mm.  These  values 
for  CCP-F  cable  are  smaller  than  those  of  CCP  cable  (by 
more  than  10  kV).  However,  they  satisfy  the  present  CCP 
cable  requirement;  there  is  no  problem  by  applying  AC 
350  V  for  1  minute. 

Though  wide  deviation  was  obtained  for  the  wearing 
test,  the  wearing  characteri sti c  of  CCP-F  cable  was 
similar  to  that  of  CCP  cable,  as  shown  in  Figure  4.  A 
NEMA  wearing  tester  was  used  for  the  experiment  and 
wearing  times  were  measured  at  23  X  for  each  applying 
weight  such  as  450,  500,  550  gf  for  0.4-mm  gauge  and 
800,  850,  900  gf  for  0.65-mm  gauge. 


Figure  4  Wearing  characteristic  of  0.4 mm  gauge 


(2)  cable  characteristics 

In  terms  of  frequency  characteristics  of  0.4-mm 
CCP-F  cable  secondary  constants,  line  loss  at  1.5  kHz 
is  1.93  dB/km,  which  is  11%  lower  than  that  of  the 
present  CCP  cable.  On  the  other  hand,  characteristic 
impedance  is  839  ft  at  1.5  kHz,  which  is  7%  higher  than 
the  present  CCP  cable.  But  quality  degradation  such  as 
increasing  side-tone  caused  by  impedance  mismatching  is 
apparently  negligible. 

The  Far  end  cross-talk  (FXT)  frequency 
characteristics  of  0.4mm  CCP-F  cable  is  70dB/km.  They 
satisfy  the  present  CCP  cable  requirement  (more  than 
55dB/km  at  90%  data,  and  40dB/km  at  100%  data). 

Change  of  mutual  capacity  was  examined  while 
subjecting  the  cable  to  bending,  squeezing,  and  twisting. 
The  maximum  change  in  CCP-F  cable  is  -1.74%  after 
twisting  and  that  of  CCP  cable  is  3.32%.  This  indicates 
that  the  electrical  characteristic  is  not  affected  by 
mechanical  force.  The  heat  shrinking  test  after 
squeezing,  the  cold  proof  test  and  the  water  proof  test 
were  also  examined.  Consequently,  no  problems  were 
detected  by  the  three  test.  Table  2  shows  the 
mechanical  test  method. 

From  investigation  of  (1)  and  (2),  it  is  confirmed 
that  the  foamed  polyethylene  technique  can  be  applied  to 
aerial  cable. 
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Table  2  Mechanical  test  methods 


Test 

Test  method  No. of  times 

bending 

test 

; 

3BCL  i  10 

T<1  X  >• 

—  I 

bending  angle: £  180 

D  =  6d 

. 

queezing 

test 

|  10  and  15 

’  *  times 

W:  150kgf  (0.4  mm) 

200kgf  (0.65  mm) 

:  rr 

twist  i  |  i  1  twist 

test  ,  ‘j\“;  W:30kgf 

i  ®  j 

4.Integlation  of  Cable  Structure 

NTT  uses  both  round  and  SS  (self-supporting)  aerial 
cable.  The  former  is  installed  on  a  messenger  strand 
with  hanger  rings.  Since  this  method  depends  on  manpower 
and  includes  overhead  work,  it  is  neither  efficient  nor 
safe.  The  latter  method,  on  the  other  hand,  employs  a 
messenger  strand  attached  directly  above  the  cable. 
Therefore,  regarding  the  cable  structure,  integration 
into  self-supporting  cable  is  desirable  for  both  safety 
and  cost  savings  in  cable  installation  work.  Measures 
must  be  adopted,  however,  to  counter  vibration  fatigue 
of  the  supporting  wire  in  strong  wind  areas  and 
corrosion  snapping  in  coastral  areas. 

4.1  Application  in  strong  wind  areas 

Self-supporting  cable  has  a  critical  defect  in 
regard  to  easing  vibrations;  the  so-called  dancing 
phenomena  that  occurs  in  strong  wind.  In  1965,  NTT  had 
problems  with  the  messenger  wire  being  broker  due  to 
metal  fatigue  caused  by  this  dancing  phenomena.  Thus, 
countermeasures,  such  as  the  adoption  of  larger  size 
messenger  and  cable  suspention  method  improvement,  were 
taken  to  reduce  the  dynamic  load  due  to  the  dancing 
phenomena.  Although  the  problems  experienced  in  1965 
have  not  reoccured,  aluminum  material  fatigue  on  LAP 
sheath  was  found  at  their  suspension  clamp  points.  With 


this  as  a  turning  point,  theoretical  analysis  and 
repeated  observation  were  carried  out  at  the  Sakata 
experimental  field  station  that  can  catch  the  full  force 
of  strong  and  transverse  winds  from  the  Sea  of  Japan. 
As  a  result,  a  messenger  strand  protection  method  was 
developed  as  shown  in  Figure  5,  and  a  messenger  guard, 
2.15  mm  in  diameter  and  500  mm  long,  minimizes  the 
strain  on  the  stranded  messenger  wire3,  4. 

S« If  supporting 


Figure  5  Messenger  strand  protection  method 

This  method  was  first  introduced  in  1981. 
Application  in  strong  wind  areas  has  been  avoided, 
however,  out  of  consideration  for  worker  safety.  In 
addition,  many  strong  wind  areas  in  Japan  overlap  with 
intense  metal  corrosion  areas.  Corrosion  resistance 
reliability  assessment  of  the  SS  cable  messenger  strand 
and  end  grip  has  also  been  carried  out.  Based  on  10 
year-technical  investigation  in  a  particular 
geographical  area  as  Sakata,  the  development  of  SS  cable 
for  high  corrosion  areas  enables  SS  cable  to  be  used  in 
strong  wind  areas. 

4.2  Application  in  corrosion  areas 

Present  SS  cable  exposes  a  galvanized  messenger 
strand  at  the  cable's  grip  end.  Galvanized  messenger 
strand  excels  in  corrosion  resistance.  After  the 
galvanizing  coming  off,  however,  protection-less  steel 
strand  rusts  rapidly  and  breaks.  Corrosion  in  salty 
areas  is  conspicious,  and  the  lifetime  of  strands  is 
less  than  10  years.  For  this  reason,  round  cable  and 
aluminum  coated  steel  wire  strand  supporting  with  hanger 
rings  is  substituted  for  present  SS  cable  in  corrosive 
areas  such  as  coastral,  hot  spring,  and  factory  areas. 


International  Wire  &  Cable  Symposium  Proceedings  1988  261 


Application  of  SS  cable  in  corrosive  areas  requires 
corrosion-proof ing  of  the  cable's  grip  end.  A  number  of 
measures  for  accomplishing  this  are  described  below; 
(l)gripping  onto  the  messenger  strand  directly  without 
stripping  the  PE  outer  sheath,  (2)the  corrosion  proving 
of  the  messenger  strand  partially  where  PE  outer  sheath 
is  stripped,  (3)using  high  corrosion  resistance 
messenger  strand.  Since  (1)  and  (2)  proved  to  be 
inferior  to  (3)  in  reliability  and  economy,  we 
concentrated  our  investigation  on  (3). 

Development  of  a  high  corrosion  resistance 
messenger  strand,  which  is  hereinafter  referred  to  as  CR 
messenger  strand,  requires  such  characteristics  as 
corrosion  resistance,  bending  fatigue  and  cost 
performance.  At  present,  NTT  judges  Zn-5%A1  alloy 
coated  messenger  strand  to  be  a  leading  candidate  for 
CR  messenger  strand,  as  wi 1 ’  be  described  below  in  more 
detai 1 . 

4.2.1  Corrosion  resistance  characteristic 

(1)  Requirements 

Messenger  strand  corrosion  is  divided  into  2  parts; 
first,  opening  part  corrosion  where  PE  outer  sheath  is 
stripped,  and  second,  corrosion  under  the  PE  covered 
part.  On  the  other  hand,  messenger  strand  lifetime  is 
defined  as  the  time  it  takes  to  generate  red  rust.  At 
the  opning  part,  NTT  requires  a  life  of  15  years  in 
strong  corrosive  areas.  This  requirement  corresponds  to 
experimental  condition  that  no  red  rust  generates  after 
1500  hours  of  salt  spray  test.  This  is  thought  to  be 
analogy  with  galvanized  messenger  strand,  because  its 
life  span  is  5  years  under  the  same  conditions  and 
generates  red  rusts  after  500  hours  of  salt  spray  test. 

Considering  the  difficulty  of  observing  the 
corrosion  under  PE  covered  part,  its  local  corrosion 
risk  must  be  investigated.  Corrosion  factors  applying  to 
the  PE  covered  part  are  described  below,  (l)long  time 
in  moisture  conditions,  (2)condensation  of  chlorine 
ions,  (3)formation  of  differential  aeration  battery. 
Therefore,  NTT  requires  that  no  local  corrosion  be 
present. 

(2)  Experiments  and  results 

Corrosion  resistance  c'  aracteristics  are  examined 
by  salt  spray  test  (35  "C  ,  5%Na-Cl  solution)  and 
intermittent  salt  spray  test  (8  hours  salt  spray  test  -♦ 


water  washing  -»16  hours  in  SS’C  and  90%RH-*1  cycle/day). 
The  aim  of  the  intermittent  test  is  to  ciieck  the  effect 
of  chlorine-ion  condensation  on  corrosion.  The  sample  is 
a  450-mm-long  Zn-5%A1  alloy  coated  steel  wire  strand 
consisting  of  7  wires  2.3mm  in  diameter,  and  partly 
coating  with  PE  to  simulate  the  messenger  strand.  Figure 
6  shows  the  relationship  between  incidence  of  red  rust 
at  the  opening  part  and  time.  This  result  indicates  that 
there  is  no  generation  of  red  rust  after  1500  hour  of 
the  salt  spray  test.  Photo  1  shows  the  result  of  the 
intermittent  salt  spray  test  after  1500  hours.  Salt 
water  penetrates  under  the  PE  covered  part,  however,  the 
corrosion  speed  of  the  PE  covered  parts  is  much  slower 
than  that  at  the  opening  part.  This  is  the  same  results 
as  was  obtained  in  the  salt  spray  test.  For  this  reason, 
it  is  confirmed  that  there  is  no  local  corrosion  of  the 
PE  covered  parts. 


lime  f h) 

Figure  6  Corrosion  resistance  characteristics  of 

2n-5%AI  alloy  coated  steel  wire  (solt  spray  test) 


opening  part  under  PE  covered  part 


Photo  1  Result  of  the  intermittent  salt  spray  test 
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4.2.2  Bending  fatigue  characteristic 

(1)  Requirements 

In  corrosive  areas,  round  cable  has  been  supported 
by  aluminum  coated  messenger  strand  for  its  anti 
corrosive  characteristic  with  hanger  rings.  But  field 
data  shows  that  the  bending  fatigue  characteristic  of 
aluminum  coated  messenger  strand  is  much  inferior  to 
that  of  galvanized  messenger  strand.  On  the  other  hand, 
there  is  no  problem  of  bending  fatigue  in  the  case  of 
galvanized  messenger  strand.  Thus,  for  CR  messenger 
strand,  NTT  requires  bending  fatigue  characteristic 
equal  to  or  greater  than  that  of  galvanized  messenger 
strand. 

(2) Experiments  and  results 

The  bending  fatigue  characteristic  was  examined  by 
a  strand  bending  fatigue  tester  constructed  as  shown  in 
Figure  7. 


Supprt  roller  Supprt  roller 


Figure  7  Bending  fatigue  tester 

The  settings  of  the  tester  are  as  follows:  distance 
between  two  support  rollers;  1000  mm,  distance  between 
support  rolle.'  and  drive  roller;  500  mm,  and  diameter 
of  support  roller  and  drive  roller;  87  mm.  The  test 
conditions  were  as  follows:  tension;  30%  of  the  maximum 
standard  tensile  load  of  CR  messenger  strand,  and 
repetition  speed;  6  Hz.  The  sample  was  7/2.3  Zn-55?A  1 
alloy  coated  messenger  strand  and  its  mechanical 
characteristics  are  shown  in  Table  3. 

Table  3  Mechanical  characteristics  of  Zn-5%A1 
alloy  coated  messenger  strand 

wire  diameter;  2.31  mm  number  of  torsion;  44  times 

elongation  ;  2.8%  deposit  of  coating;  330g/m! 

tensile  load;  160  kgf/mm! 


Figure  8  shows  the  result  of  the  bending  fatigue  test. 
It  is  confirmed  that  the  bending  fatigue  characteristic 
of  Zn-5%A1  alloy  coated  messenger  strand  is  the  same  as 
that  of  galvanized  messenger  strand. 


10s  10s  I07 

Number  of  repetitioni  till  breokope  t  timet) 

Figure  8  Fatigue  characteristics  of 

Zn-5%  alloy  coaled  steel  wire 

It  is  confirmed  by  the  described  experiments  and 
cost  considerations  that  SS  cable  can  be  applied  to 
strong  wind  and  corrosive  areas  by  using  Zn-5%A1  alloy 
coated  messenger  strand. 

5.  Integration  effect 

By  integrating  gauge  diameter  and  cable  structure, 
the  number  of  aerial  distribution  cables  can  be  reduced 
from  80  to  17.  These  integrations  raise  the  cost  of 
production,  but  consequently,  a  total  cost  reduction  of 
approximately  $13  million  a  year  is  realized  by  cost 
savings  in  plant  engineering,  the  flow  and  storage  of 
goods  and  so  on,  as  shown  in  figure  9 


Cost  up  Cost  down 

(  %  25  mi  I  ion  )  f  S  38mifion  1 


Figure  9  Economic  effect  by  article  reduction  (a  year) 
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6.  Conclusion 

A  foamed  polyethylene  insulation  technique  has  been 
applied  to  aerial  distribution  cable  systems  without 
filling  compound,  in  order  to  compensate  for  line  loss 
increase  due  to  adoption  of  finer  gauge  conductor. 

It  is  confirmed  that  a  Zn-5%A1  alloy  coated 
messenger  strand  is  the  most  suitable  for  application 
to  self-supporting  cables  for  aerial  distribution 
systems  from  the  viewpoints  of  cost  saving,  reliability 
and  workability. 

This  newly  developed  CCP-F  cable  is  now  under 
commercial  tests  and  will  be  widely  introduced  from 
1989. 
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Summary 

The  optical  communication  system  is  expected  to  be 
introduced  to  general  subscribers.  On  that 
occasion,  it  is  desirable  to  incorporate  the 
optical  fiber  unit  and  electric  wire  into  one-picce 
structure  for  the  convenience  of  laying  work  and 
its  good  appearance.  From  this  viewpoint,  the 
authors  have  developed  the  optical  composite  drop 
wire,  examined  its  electrical  and  optical 
properties  to  find  it  serves  for  this  purpose. 

1.  Introduction 

The  optical  communications  system  is  considered  to 
serve  for  domestic  use  in  future  as  means  of 
measurement  and  control  of  electrical  facilities, 
wide  band  communication  system,  closed-circuit 
television  and  home  automation.  In  Japan,  the 
optical  fiber  cable  will  be  dropped  to  the 
subscriber  mostly  through  the  aerial  lead-in  method 
in  the  same  way  as  the  electric  wire.  As  separate 
drop  of  optical  fiber  cable  and  electric  wire  makes 
the  laying  work  complicated  and  harms  the 
appearance,  supply  of  these  in  one-piece  unit  is 
desired.  To  answer  this  demand,  we  have  developed 
the  method  of  incorporating  the  optical  fiber  unit 
and  electric  wire  in  the  optical  composite  drop 
wire.  This  is  a  report  on  this  product. 

2.  Designing  Conditions 

The  optical  composite  drop  wire  is  used  to  drop  the 
electric  wire  and  optical  fiber  cable  through 
one-piece  unit  from  the  service  pole  to  each  home. 
The  concept  diagram  of  the  optical  conposite  drop 
wire  is  given  in  Figure  1. 


POLE 


Figure  1  CONCEPT  DIAGRAM 


(1)  The  structure  shali  be  of  self-support  type 
with  electric  wire  to  serve  for  suspension. 

In  consideration  for  laying  work  convenience  and 
maintainability  after  completion,  the  self-support 
structure  with  the  electric  wire  serving  for 
suspension  is  employed.  As  for  the  electric  wire, 
the  same  DV  line  as  the  existing  drop  wire  (JIS  C 
3341  polyvinyl  chloride  insulated  drop  service 
2 

wire,  8  mm  7/1.2)  is  used.  The  product  is  so 
designed  as  to  allow  the  electric  wire  and  optical 
fiber  cable  to  be  readily  separated. 

(2)  The  optical  fiber  shall  be  guaranteed  for  20 
years  against  fracture. 

The  optical  fiber  must  be  free  from  fracture  in 
aerial  lead-in  state  even  when  the  tensile  force  is 
increased  by  fallen  snow  or  wind  pressure  for  20 
years. 

(3)  The  optical  fiber  unit  shall  be  of  the 
structure  resistible  to  electrical  and 
mechanical  influences  from  the  electric  wire. 

The  optical  fiber  unit  employs  non-metal  lie 
structure  so  as  not  to  be  affected  by  the 
electromagnetic  induction  from  the  electric  wire 
and  the  optical  unit  is  so  designed  as  to  be 
resistible  to  the  influence  of  vibration. 

On  the  basis  of  the  above,  we  designed  the  optical 
unit  and  optical  composite  drop  wire,  produced  it 
by  way  of  trial  and  tested  it.  Description  of  each 
step  follows. 

3.  Optical  Fiber  Unit 

3.1  Designing 

The  optical  fiber  unit  was  designed  as  of 
spacer-type  to  house  a  maximum  of  6  optical  fibers, 
with  FRP  of  1.2  tran  in  diameter  as  core  tension 
member  of  the  spacer  of  0.5  mm  in  groove  diameter. 
This  spacer  houses  optical  fibers  GI  and  SM  of  0.25 
mm  in  diameter,  to  be  used  within  0.2%  of 
elongation  strain  of  optical  fiber  on  application 
of  the  maximum  supposed  load.  In  the  same  way  as 
electric  wire,  the  sheathing  is  made  of  PVC 
(Polyvinyl  Chloride)  cf  1  mm  in  thickness  for  high 
weather  resistance.  The  optical  fiber  unit  of 
about  6  mm  in  external  diameter,  and  30  g/m  in 
weight  was  prepared.  The  sectional  appearance  of 
the  optical  fiber  unit  is  shown  in  Figure  2. 
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Figure  2  CROSS  SECTION  OF  OPTICAL  UNIT 


3.2  Test  Results 

The  optical  fiber  unit  was  manufactured  as  per  3.1 
and  a  test  was  run  to  find  nothing  abnormal  in 
optical  loss  variation  between  manufacturing  steps, 
and  temperature,  tension  and  lateral  pressure 
properties.  The  test  results  are  shown  in  Table  1. 

4.  Optical  Composite  Drop  Wire 

4.1  Designing 

For  external  configuration,  the  flat  type,  stranded 
type  and  bundle  sheath  type  were  selected  taking 
into  consideration  the  installation  wark 
convenience  and  appearance.  The  optical  fiber  unit 
was  prepared  as  per  section  3.  For  the  electric 
wire,  the  hard-drawn  copper  conductor  of 
8  mm2  sectional  area  for  two  or  three  type  was 
used.  The  sectional  appearance  of  each  type  is 
shown  in  Figure  3. 

The  span  length  limit  was  determined  for  each  type 
shown  in  Figure  3. 


HARD  DRAWN 


STRANDED  TYPE  (3wiresl 


Figure  3  SECTIONAL  APPEARANCE  OF  COMPOSITE  WIRES 


Item 


Table  1  Test  Result  (Optical  Unit) 
Condition 


Resul t 


Optical  Losses  in 
Manufacturing 
?  roc os s 

T  fc'SipEJ  rutur  e 

Character! 5T ic 

Tensile  Strength 


GI  :  >=0.86  m,  1.3 

SM :  •  L .  3  i.  m ,  1 .  6  5 


-20  C  to  +o0  C 


The  maximum  loss  change  was 
H-..s  than  0.02  dR/km. 


ine  maximum  a  tter.ua  t  ion  :  r.  - 
:r ease  was  i ess  rru*n  «.'• .  "j 2 


!  Measuring  length:  10  m  The  tensile  load  corresponding 

to  0.2*  fiber  el  orient  ion  was 
u  xgi  ,  me  iiuviiUdurm  in- 

,  crease  was  recognized  more  than 

!  40  kgf. 


Lateral  Pressure  5Cmm  x  SO  mm  flat  plate  The  attenuation  incr-as^  was 


,  j n i  zed  mo r e  t  h an  2 0  0  kg  t 
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The  limit  is  calculated  to  be  25  m  for  the  flat 
type,  37  m  for  two  core  stranded  type,  32  m  for 
three  core  stranded  type  and  30  m  for  bundle  sheath 
type.  In  any  case,  the  span  is  reduced  by  the 
summer-time  load.  The  data  for  span  length  limit 
obtained  by  calculation  are  given  in  Table  2.  " 

Calculation  conditions 

Summer  time:  Wind  speed  at  40  m/sec 
Winter  time:  Wind  speed  at  20  m/sec,  and  snow 
fall  of  0.9  in  specific  gravity 
and  6  mm  in  depth 

Fracturing  load  of  electric  wire:  326  kg/core 
Safety  factor:  2.5 

The  summer-time  load  was  applied  to  determine  the 
change  of  the  elongation  strain  of  the  optical 

fiber  and  the  tension  of  the  lead-in  wire  caused  by 
temperature  change.  The  data  obtained  by 

calculation  are  given  in  Figure  4. 

As  the  figure  shows,  the  flat  type  exceeds  the 

permissible  value  for  the  tension  at  low 
temperatures  and  that  for  the  elongation  strain  of 
the  optical  fiber  at  high  temperatures. 

Calculation  conditions 

Summer  time:  Wind  speed  at  40  m/sec 

Looseness  :  2% 

Span  length:  30  m 


—  flatty-pe 

—  STRALDED  TYPE  i  2  I 
...  STRANDEC  ■  YFE  <  3  *,»es  > 

—  BUNDLE  sheath  type 


As  the  data  indicate,  the  span  length  of  the  figure  4  CALCULATED  WIND  PSEiSUhE  AND  ASSOCIATED 

lead-in  wire  should  be  30  m  at  least.  For  this  ELONGATION  OF  THE  COMPOSITE  WIRES 

reason,  the  flat  type  was  excluded  from  the  objects 
of  examination  this  time.  It  is  also  clear  that 
the  three  core  type  can  hold  two  core  wire. 


Table  2 

Limited  Span 

Length 

_ 

in  S 

ummer 

In  Winter 

r lat  Type 

Stranded 
Type 
(  2  wires 

Stranded 

Type 

)  (3  wires) 

Bundle 
Cheat h 
Type 

Flat  Type 

Stranded  Stranded 

lype  Typu 

(2  wires)  (3  wires) 

Bu  r.  dl  e 

Sneath 

Type 

Cable  Woi'j i it 
[  kg/m  ] 

0.235 

0.235 

0.  340 

0.  165 

0.235 

0.239  0.340 

0.  363 

Cable  BiwMr 

to) 

19.5 

12.9 

14.3 

24 .  3 

19.5 

12.9  14.5 

24  -  > 

Allowable 

Tons i or.  (  k  } ) 

26!) 

2  6  j 

26  0 

390 

260 

260  26 C 

3  1  ) 

Limited  Sp  in 

2-* 

o  *r 

3^ 

30 

33 

39  34 

29 

Length  [ml 
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4.2  Properties 

The  trial  product  of  optical  composite  drop  wire 
showed  the  voltage  resistance,  insulation 
resistance,  tensile  strength  at  the  same  level  as 
existing  DV  wire,  and  no  degeneration  due  to 
composition  was  detected  in  the  properties. 

Test  results  for  electrical  property  are  given  in 
Table  3.  The  optical  fiber  unit  in  the  optical 
composite  drop  wire  is  evaluated  as  follows.  The 
optical  transmission  loss  between  manufacturing 
steps  did  not  vary  to  ensure  stable  production.  The 
elongation  test  indicated  the  relationship  between 
the  load  and  elongation  almost  as  per  the  theory 
being  kept  within  the  elastic  limit  as  far  as  the 
elongation  was  0.2  %  or  under.  This  means  the 
electric  wire  of  hard -drawn  copper  conductor  serves 
as  the  tension  member  for  the  optical  fiber  unit, 
the  influence  to  the  optical  fiber  unit  is  small 
even  when  the  tensile  load  is  increased,  and  the 
elongation  strain  of  optical  fiber  can  be  kept  low. 

Measured  optical  transmission  loss  between 
manufacturing  steps  of  the  optical  composite  drop 
wire  is  shown  in  Figure  5.  Values  obtained  by 
elongation  test  for  the  optical  composite  drop  wire 
are  given  in  Figure  6. 
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'.n  oiJcr  to  determine  the  influence  to  the  optical 
fiber  in  case  an  excessive  current  flowed  to  the 
electric  wire  of  the  optical  composite  wire,  an 
excessive  current  test  was  run.  The  results  are 
given  in  Table  5.  In  the  test,  the  both  ends  of 
electric  wire  were  fixed  with  span  length  of  5  m, 
and  the  conductor  temperature  was  raised  to  75°C 
and  120°C  to  measure  the  loss  variation  of  the 
optical  fiber,  its  elongation  strain  and  the 
surface  temperature  of  the  optical  fiber  unit. 

The  conductor  temperature  of  12 <P  C  corresponded  to 
supposed  temperature  rise  caused  by  short-circuit, 
and  the  test  indicated  no  transmission  loss 
variation.  The  elongation  strain  of  the  optical 
fiber  due  to  rise  of  electric  wire  temperature  was 
kept  within  0.05%,  and  the  unit  temperature  was 
60 °C  to  remain  in  the  permissible  range. 

3.  laying  Test 

A  laying  teot  was  run  for  the  optical  composite 
drop  wire  we  developed.  For  holding  the  lead-in, 
wire,  the  jig  for  the  traditional  DV  wire  is  used. 
The  jig  used  for  the  test  is  shown  in  the  Photo  1. 
According  to  the  cable  structure,  the  drop  wire 
insulator  was  used  for  the  stranded  type,  and  the 
shackle  type  strain  insulator  for  the  bundle  sheath 
type.  As  the  drop  wire  insulator  could  hold  two 
electric  wires  only,  two  wires  were  held  even  in 
the  case  of  three-line  electric  wire.  The  bundle 
sheath  type  required  a  jig  for  separation  of  the 
optical  unit.  However,  the  laying  work  could  be 
carried  out  for  either  type  in  the  same  way  as  the 
case  of  electric  wire  only.  The  wire  when  laid  is 
shown  in  Photo  2. 

6.  Transmission  Loss  Continuous  Measurement 

In  order  to  determine  the  property  variation  of  -the 
optical  composite  drop  wire  thus  laid,  the 
transmission  loss  of  the  optical  fiber  was 
continuously  measured.  The  measurement  started  in 
June  1988,  and  the  results  as  favorable  as  0.1 
dB/km  have  been  given  for  each  type.  This 
measurement  is  planned  to  be  continued. 


the  drop  wire  insulator 
Photo  1  The  jig  used  tor  the  test 


Table  5  Excessive  current  test  result 
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7.  Conclusion 


The  optical  composite  drop  wire  was  developed  for 
the  purpose  of  rationalization  of  laying  work  and 
improvement  of  appearance  and  evaluation  tests  were 
run.  Each  of  the  trial  products  of  the  two 
stranded  types  and  one  bundle  sheath  type  proved 
successful  in  the  test.  In  the  laying  test,  the 
work  progressed  smoothly,  and  almost  the  same 
method  as  that  of  existing  electric  wire  can  be 

applied.  For  the  laid  optical  composite  drop  wire, 
check  of  long-term  reliability  and  observation  of 
fallen  snow  will  be  carried  out  aiming  at  the 
practical  use  of  this  product. 
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REMOTE  CONTROLLED  CROSS  CONNECTION  FRAME 
USING  PUSH-ON  EIDER  OPTIC  CONNECTORS 


M . OHS AWA  H. HI  RAO  H . YOKOSUKA 


Fu j i kura  Ltd. 

Opto-E 1 ectron ics  Labortory 

14 10,  Mutsuzaki  Sakura-shi 

1 . SUMMARY 

A  now  automatic  cross  connect,  i  on  frame 
using  single-fiber  push -on  connectors  has 
been  developed  for  optical  fiber  networks. 

The  cross  connection  frame  system  is 
divided  into  a  connection  frame  and  a 
control  unit.  The  frame  consists  of 
connect i on  boards,  a  multifunction  arm, 
and  a  felt  Si  cap  holder  plate.  The  1  'i 
connector  adaptors  are  arranged  in  two 
rows  (Zl  for  each  I  on  the  connect  ion 
board.  Two  adaptors  among  them  are  used 
for  the  measurement  of  fiber  loss  and  for 
the  connect  ion  cap.  The  i ross  connection 
frame  can  accommodate  a  may i mum  of  ten 
connection  boards.  The  multifunction  arm 
is  used  for  connecting  and  disconnecting 
and  cleaning  of  the  connector  with  its 
precision  posit  ioning.  These  processes 
are  controlled  b\  a  microcomputer  in  a 
control  unit.  One  typical  cycle  requires 
ten  seconds  or  less.  On  the  ait*  rage ,  the 
Conner:  t  ion  loss  of  t  h  i  s  cross  connection 
frame  for  multimode  fibers  is  0  . '<!  dlt. 

Various  lists  wore  conducted  to  ensure 
their  long-term  reliability. 

Z  .  1  N  fRoOUC  T  I  <  IN 

The  optical  subscriber  cable  networks 
using  opt  leal  fiber  connectors  arc  eas\ 
to  construct,  as  well  as  easy  to  connect 
and  disconnect,  for  maintinar.ee  and 
operation.  Therefore,  its  use  has  been 
spreading  es  pee i a  1  1 y  in  the  subvert  hrr 
loops.  \s  its  use  has  been  spreaded , 
there  lias  been  an  increasing  demand  to 
establish  a  remote  contrail  led  cross 
connect  ion  and  measuring  system  for  the 
fiber-  entries.  The  convent  ional  opt  leal 
cross  connect  ion  frames  have  employed  the 
thread  fastening  type  connectors  or  Ini- 
DN(  type  connectors.  In  order  to  simplify 
the  connection  and  d  i  sconnci  - 1  i on 
mechanism,  the  new  i-r-oss  conneet  ion  I  i-.inu- 
developed.  Kig.l  shows  the  • -oiim-e  t  or  . 

Its  ope  la  t.  .  :.  it  as  east  as  in  the  case 

of  tin-  electric  push-on  anroiei  I  ors ,  so 
the  operator  ■  an  operate  more  ipin-Ki> 
than  in  the  case  of  conventional  optical 
connee t ors .  The  new  opt ical  cross 
connect  ion  frame  has  obtained  good 
con  n  i-o  f  i  o  n  c  ha  r.-n  - 1. 1  ■ ,-  i  s  t  i  <  -  s  with  the 
component s  haring  high  reliability. 

Wig. V  shews  the  optical  i  on  - 1  • ...  i 
connect  ion  flame.  It  is  compact  enough 


Chiba-ken,  Japan 

to  be  accommodated  in  a  central 
exchange  building.  The  maximum  number  of 
the  lines  that  can  be  accomodu t cd  : n  the 
frame  is  )00. 

ri.  (ROSS  CONNECTION  FRAME 
.'t  ■  1  The  basic  Structure  of  the  push-on 
Uonrrcc  t  o r 

The  push-on  connector  connects  the  fiber 
end  laves  in  the  ferrules  to  each  other 
by  the  hooks  of  an  a. lap! or  and  t he 


•  *-■  (A 


F  i  g  .  1 

Single-fiber  push-on  connector 
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a 


Fig.  3 

The  engagement  of  the 

push-on  connector 

grooves  of  a  plug.  Fig.  3  shows  the 
engagement  between  the  '•onnoctor  plug 
and  the  adaptor.!  1)  In  engaging,  the  plug 
is  pushed  into  the  adaptor  by  holding  the 
rear  part  of  the  plug,  and  the  hooks  of 
the  adaptor  are  secured  in  the  grooves 
of  tin*  plug.  The  plug  is  pulled  out  from 
the  adaptor  by  releasing  t he  hooks  from 
the  ring  holding  the  ring  mi  the  middle  of 
the  plug.  The  ferrules  are  made  by 
precision  plastics  molding,  and  their  top 
surfaces  aro  po 1 ished  to  a  spherical 
shape  of  GO  mm  radius.  The  plug  can 
aceommoda t  e  a  si ng I e- f i ber  cord  of  a 
sheath  diameter  riot  greater  than  3  mm. 
Fig.  1  shows  the  structure  of  the 
connect  or . (  1  )  Normally,  the  eormeet  ion 
loss  of  this  cross  connection  frame  for 
multimode  fillers  is  0 . 2  dH  on  the 
average,  and  the  return  loss  is  about 

:u>dB. 

3.2  Connection  B u a r H 

The  adaptors  on  the  connect  ion  boards  are 
used  to  connect  s  i  ng  I  e- *’  i  ber  push-on 
connectors.  On  one  connect  ion  board,  12 
adaptors  art*  arranged  in  two  rows. 

The  adaptors  at  the  right  ends  of  each 
row  are  used  for  the  measurement  of  the 
e haracterist  ics  of  the  c on n ee ted  f i be r  o r 
for  the  connet.  ion  cap.  \  fiber  guide*  plate 
is  set.  on  the  connection  hoard  to 
accommodate  the  excess  length  of  ‘connected 
fibers  and  grid*  them  to  the  rabies. 

Tli  i  s  cross  connection  frame  can 
accommodate  a  maximum  of  10  <-'or»neotir>n 
boa  rets  . 


Striking  face 


Fig.  5 

Structure  of  multifunction  arm 


3.3  Multi  fund  ion  Arm 

The  mult  i fund  ion  arm  can  move  precisely 
so  tli  at  it  is  used  for  connect  ion  at  id 
disconnection  and  cleaning  of  the 
connector.  As  merit  i  onoil  above,  the  rear 
part  of  the  plug  is  pushed  to  engage  the 
hooks  of  the  adaptor  and  the  rings  of 
the  plug  is  pul  led  to  open  the  hooks  and 
to  disconnect  the  plag.  In  order  to 
realize  such  a  furiet  ion,  the  arm  has  been 
designed  and  mariu  f  a«  •  t  ured  .  F  i  g  .  shows 
the  structure  of  the  arm.  For  example, 
in  engaging  a  connector  and  a  cap  with  an 
adaptor,  the  arm  holds  the  rear  part  of 
plug  and  the  plug  is  pushed  in  by  the 
striking  fare  in  the  arm.  During  this 
process,  the  plate  cam  stayed  in  a 
backward,  and  the  chuck  at  the'  top  of 
t he  arm  is  kept  open.  In  pulling  out  , 
the  arm  is  moved  forward  until  the  chuck 
reaches  the  connector  coupling,  and  the 
plate  cam  is  moved  forward  so  that  Lhe 
chuck  can  grip  the  coup! ing. 

To  move  the  connector  and  the  cap  to  any 
points  for  engagement  ,  it  is  necessary  to 
study  the  maximum  allowable  error  when 
th  -  connector  t- n  Vv.  niuveo  I  o  i  tie 
adaptor  to  be  connected,  and  to  select  a 
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Variation  Insertion  loss  (da)  Temperature(  c) 


Tamparalur*  I  -30  "C  t«  SO  *C  4  cycU/day  J  Lets  lh*n  0.2  <JB 


High  t*<np«ralur« 


Ltw 


•O  C  100  M 


-30  *C  100  H 


•0*C  X  •&%  *H  100H 


Last  than  0.1  d« 


Lm  than  0.1  dS 


lut  than  tO. 5  AS 


10  Ml  amplitude  10  nun  5 dW action  [Lata  IhaniO.OS  dB 


LED  ( 1 . 3um ) 
Steady  state  mode 


Table  2 


Reliability  test 


Number  of  connecting  and  disconnecting  (times) 


Fig.  11 

Temperature  cycling 
(  typical  data  ) 


Fig.  12 

Repeatabi 1 i ty 
(  typical  data  ) 

cycling  test  was  satisfactory  small.  All 
ot  the  test  results  have  proved  that  this 
cross  connect  ion  frame  has  connect  ion 
characteristics  equivalent  t  *»  t hose  of 
ordinary  connect. ors,  and  that  it  is 
sat  i  s  f  ac  t  or  i  1  y  suited  to  the  practical 


h .  (ONCLfS I ON 

\  new  automatic  cross  connection 
have  developed  for  the  opt  ical  fiber 
networks  using  single-fiber  push-on 
connectors.  The  cross  connect  ion  can  I 
made  within  10  seconds  for  each  fiber 
This  (tors  connect  ion  frame  can  lead 
20  fibers  and  lead  out  20  fibers.  The 
individual  fibers  to  lie  led  in  can 
automat  ically  connected  to  specific'  f 
be  led  out  .  The  same  connect  ion 
characteristic's  as  those  in  the  case 
the  convent  i on a l  manual  cro«y  corned 
f  lame*  have*  been  obtained.  It  lias  been 
confirmed  that  t  h  j  s  cross  conned  j  on  I 
is  suitable*  for  the  remote  measuring  <■ 
-  loss  connection  system  in  the-  fiber  < 
net  work . 


a.  RFI.l  Abll.ITV  TEST 
•on  firm  tin-  long-term  reliability 
[ouk  tests  such  as  \ i brat  ion 
inuous  connect i on  and  diseonne 
,  etc.  on  the'1  « -ormectors  were 
luct  oil  .  The  rosult  s  arc  shown  in 
I  i-  2.  V  i  g .  1  1  and  12  indicate  t  he 
ilts  of  the  temperature  cycling  t«- 
t  lie  repeated  ootiiiec  t  ion  ami 
'( iiinec  t  i  on  tests.  The  fluctuation 
connect  i  ng  loss  during  the  temper- 


test  , 

•  •  t  ion 


7.  R  F  F  F  R  F  N  f_  K 

(M  S  .  VAOAS  AW  \  ,  I  .S  \\k.\W\t  T.S\T\KF  and 
N  .  K  A  S  H  J  M  A 

Small -si.o-  l’ush-on  Type  optical  fiber 
1  « *nne<  for' 

'UU-;  Tlv.ws  \f  Tlu\s  i  ‘I*  Till-  1 1;  i  c  i-  \o|..i-  To, 
NO.  a  MAY  1  OK 7 

(2)  M.ullSAUX,  II.HIRAm,  H.YdkusikX  and 
k  .  I  \  \b.\ 

"Exchange  Robot  for  optical  Push-on 
f  onnei * t  or 

«  n  Fr«.e  .  Nat  .  Med  .  I  }■(  f  .Japan  1  OKS 
paper  I'.-fJOa  pp.l-dab 
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LARGE  CAPACITY  AND  COMPACT  CROSS-CONNECTION  CABINET 
FOR  OPTICAL  SUBSCRIBER  NETWORK 


Y.  FU J II*  T.  HARA**  H.  TAYAMA***  S.  GOTO****  S.MASE****  H.  YOKOSUKA**** 


*  KANSAI  TELECOMMUNICATION  TECHNOLOGY  CORP.  (OSAKA , JAPAN ) 
**  OSAKA  MEDIA  PORT  CORP.  (OSAKA , JAPAN ) 

***  THE  KANSAI  ELECTRIC  POWER  CO., INC.  (OSAKA , JAPAN ) 
****FUJIKURA  LTD.  (TOKYO , JAPAN ) 


Abstract 

This  paper  describes  how  one  cross- 
connection  cabinet  can  efficiently 
accomodate  a  high  density  communication 
network  of  optical  fibers.  With  the 
current  expansion  of  optical  fiber  cable 
networks,  the  number  of  optical  fibers 
accommodated  in  cross  connection  cabinets 
is  also  increasing.  Consequently,  there 
is  greater  demand  for  the  compact  workable 
accommodation  of  optical  fibers. 

Now  the  accommodation  density  has  been 
improved  to  about  three  times  that  of  the 
conventional  cabinets  by  designing  the 
connector-adaptor  panel  into  a  movable 
type.  The  cross  connection  cabinet  is 
capable  of  accommodating  400  optical 
fibers  of  feeder  cable  and  500  optical 
fibers  of  distribution  cable  by  means  of 
500  connector-adaptors  incdrparated  for 
this  purpose. 


1  ■  Introduction 

Optical  fiber  cable  has  already  found 
an  immense  field  of  applications  as  a 
trunk  cable,  replacing  metal  cable.  Ir. 
Japan,  this  cable  has  been  introduced  not 
only  into  trunk  lines  but  also  into 
subscriber  networks  and  is  expected  to 
find  increasing  applies  ions  in  the  field 
of  ISDN. 

Following  such  an  expansion  of 
optical  fiber  networks  as  cited  above,  the 
necessity  for  an  efficient  operating 
network  (optical  fibers)  will  come 
naturally.  However,  since,  the  previous 
scale  of  subscriber  networks  was  so  small, 
it  scarcely  required  the  consideration  of 
a  cabinet  for  accommodating  a  large  number 
of  optical  fibers.  Therefore  no  such 
cabinet  has  been  developed  until  now. 

Under  the  above  circumstances  this 
research  has  led  to  the  development  of  a 
cross  connection  cabinet  with  high-density 
accomodations.  One  is  equipped  to 


interface  feeder  cables  and  distribution 
cables  and  capable  of  that  of  the  metal 
cable  network. 


2.  Investigation  Purpose 

Fig.  1  shows  a  pattern  of  the 
communication  network,  which  consists  of  a 
regional  center,  district  center  and  an 
end  office  with  cables  installed  to  the 
subscribers.  The  cross  connection  cabinet 
is  to  be  installed  in  each  center  and 
office,  that  is,  in  the  office  or  in  an 
outdoor  hut  or  cubicle. 

Since  the  installation  space  is  often 
limited,  the  following  points  have  been 
considered  in  investigating  the  structure 
of  the  cabinet: 

1 )  Instal lation  floor  space  should  be 
comparatively  small  (compactness). 

2) Work  should  be  from  the  front  of 
the  cabinet  alone  (without  using 
the  rear  or  side  space). 

3) There  should  be  flexibility  toward 
the  market  trend. 

AJT^e  cabinet  should  be  designed  not 
to  impair  transmission 
characteristics . 


3.  Basic  design  conditions 

The  points  which  are  shown  in  Table  1 
were  condsidered  as  basic  conditions  for 
the  cabinet  design. 

The  optical  fibers  in  the  cabinet  have 
been  designed  to  form  a  cord  disregarding 
the  increase  in  outside  diameter,  for  fear 
of  damage  to  the  optical  fiber  itself  when 
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Subscriber 


Consequently,  these  pig  tailes  have  been 
designed  to  form  a  cord  with  consideration 
focused  on  safety  of  the  optical  fiber 
during  the  threading  arrangement. 

The  distribution  cable  uses  a 
connecter ized  cable  to  make  the  cabinet 
compact  and  ease  operation  at  the  work 
siLe.  The  feeder  cable  and  distribution 
cable  aie  connected  by  means  of  a 
connector  panel  in  the  center  of  the 
cabi net . 


Q  Regional  center 
□  District  center 
O  End  office 
Q 
0 


Fig.  1  Optical  communication  network 


arranging  the  optical  fiber  in  the 
cabinet.  This  design  is  also  to  prevent 
the  instantaneous  attenuation  increase 
which  may  arise  from  contact  by  the 
operator  or  another  fiber  during  the  cross 
connecting  operation. 

The'  feeder  cable  uses  a  5-fiber 
ribbon-type  cable  for  the  sake  of  high 
density  and  the  distributon  cable  employs 
a  mono- fiber  cable  for  ease  in 
distribution  to  the  subscriber.  It  is 
therefore  necessary  that  in  the  cabinet 
t he  ribbon  fiber  is  converted  to  mono¬ 
fibers  as  necessary. 


Table  1  Basic  Design  Condition 


»- 

i  r 

i 

»- 

v. 


1  Feeder  cable 
Distribution  cable 


1  Accommodated 
|  number  of  fiber 


5-fiber  ribbon  type  cable  (Multi  mode). 
Mono-fiber  type  cable  (Multi  mode) 


Push-on  type  connector 


Photo.  1 


Developed  cross-connection  cabinet 


Conner  tor i zed 
ribbon-mono  fiber 
converting  pig  tail 


Feeder  cable 
Distribution  cable 
Connector  adapter 


400  fibers 
500  fibers 
500  pcs 


4.  Structure  of  cross  connection  cabinet 

Photo.  1  shows  the  high-density 
accommodated  cabinet  which  has  recently 
been  developed. 

Fig.  2  illustrates  the  arrangment  of 
high-density  optical  fibers  in  the  cross 
connectionn  cabinet. 

The  feeder  cable  enters  the  cabinet  in 
the  form  of  a  five-fiber  ribbon-type 
cable.  it  is  spliced  to  the  ribbon-mono 
fiber  converting  connector i zed  pig  tail 
(Fig.  3),  decreasing  the  number  of  optical 
fibers  in  the  cabinet  (400  fibers  -  80 
r i bbons ) . 


max.  400  fibers 
(80  ribbons)  II 


Fusion  spl ices 


|  max .  500  f ibers 


Feeder  cable  Distribution  cable 

(connectorizod) 
Fig.  2  Threading  in  the  cabinet 
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I 


Push-on  type  connector 
10  mm  (dia. )  I 


Fig.  3  5-fiber  ribbon-mono  fibers 

coverting  pig  tail 


<3 


Fig.  5  Connector  panel  (2) 


4.1  Structure  of  connector  panel 

To  miniaturize  the  cross  connection 
cabinet  the  structure  of  the  connector 
panel  connecting  the  distribution  cable 
and  feeder  cable  must  be  able  to 
accomodate  a  high  density  of  optical  fiber 
cord  and  connectors. 

It  is  further  necessary  to  keep  a 
reasonable  operating  space  to  allow  for 
easy  threading.  In  order  to  satisfy  the 
above  contradictive  requirements,  instead 
of  keeping  the  operating  space  open  all 
the  time,  a  basic  design  was  decided  which 
reveals  a  cross  connection  cabinet  in  a 
constant  state  of  high  density.  The 
operating  space  is  provided  only  when  the 
optical  fibers  are  cross-connected . 

Fig.  4  shows  the  structure  of  a 
connect. or  pane  1  .  t  t,  is  designed  so  t  hat  a 
connector  panel  contains  20  fibers  which 
are  epu  i  valent,  to  1  ribbon  fibers  of 
feeder  cable.  The  slack  of  all  excess 
fibers  is  sel  at  the  rear  of  the  connector 
panel  (particularly  in  the  ease  of  a 
distribution  cable),  so  that  the  connector 
may  be  observed  in  a  normal  state,  with 
the  connector  adapter  located  on  the 
connector  panel  toward  the  front  (Fig.  5 
I  . 


Accommodation  space 
of  slack  of  excess  fiber 


Fig.  4  Connector  panel  (li 


it  is  designed  so  that  the  slack  fiber 
cord  accomodation  on  the  connector  panel 
will  maintain  the  fiber  at  a  radius  of  50 
mm  to  ensuring  that  the  optical  fiber 
cannot,  be  reduced  below  a  radius  of  30  mm. 

To  creating  the  space  for  threading  or 
cross-connecting  optical  fibers  in  the 
cabinet,  there  are  two  methods  as  follows; 

1)  Connector  panel  rotation  method 

2)  Connector  panel  drawing  method 

After  investigating  the  above  methods, 
i he  adopted  connector  panel  rotation 
method  was  based  on  the  following  reason: 

In  the  ease  for  the  drawing  method, 
the  excess  fiber  tightens  during  the 
forward  movement  and  slackens  during  the 
backward  movement,  of  the  connector  panel 
and  therefore  it  is  difficult  to  maintain 
the  optical  fiber  cord  safety.  During  the 
operation,  with  the  connector  panel  drawn 
out;  the  draw  length  represents  t.he 
effective  operating  space.  The  space 
should  be  taken  into  consideration  when 
another  piece  of  equipment  is  installed 
near  by. 

On  the  other  hand  the  connector  panel 
rotation  method  is  free  of  the  drawbacks 
cited  above  in  creating  the  operating 
space'.  In  this  method  the  connector  panel 
normally  rests  in  a  half  down-ward  state 
(at.  20  )  and  the  connector  panel  directly 
above  the  connector  panel  to  bo  operated 
on  is  shifted  upward  by  rotation  to 
create  the  operating  space.  The  connector 
pane1 1  s  in  their  natural  state  have  a 
spacing  of  63  mm,  but  an  operating  space- 
e>  f  195  mm  is  created  when  one  is  lifted  to 
operate  on  anothe-r.  (Fig.  6) 

The-  photo.  2  shows  that,  the  spare'  is 
enough  to  permit  the  operation.  Four 
pant- 1  s  will  be  influenced  by  the'  rotation 
of  a  connector  panel. 
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1 


Back  of  cabinet 


Fig.  6  Rotation  of  connector  panel 


Photo. 2  Space  for  threading  or 

cross-connection  operation 


4-2. Fiber  arrangement  in  the  cross 
connection  cabinet 

Fig.  7  shows  the  fiber  arrangement  in 
the  cabinet  with  the  feeder  cable  and 
distribution  cable  passsing  near  the 
rotary  shaft  of  the  connector  panel.  The 
optical  fiber  cord  is  subjected  to  torsion 
alone  but  free  from  length  variation 
(slack  or  tension  of  the  optical  fiber 
cord)  in  the  connector  panel  movements. 

And  Fig.  7  shows  the  pass  of  feeder  cables 
in  the  cabinet.  Excess  length  of  fibers 
are  adjusted  by  sem i c i rcu 1  are  guide. 

It  is  possible  for  the  prototype  of 
the  cross  connector  cabinet  to  accommodate 
500  connector  adaptors  by  arranging  20 
connector  adaptors  per  panel,  with  25 
vertically  installed  panels.  Dimensions 
of  this  cabinet  are  2300  mm  (H)  x  800  mm 
( W )  x  320  mra  ( D ) . 


Optical  fiber  losses  are  checked  after 
accommodating  excess  length  of  fiber  cords 
of  feeder  and  subscriber  cable  into 
cabinet.  Measuring  procedures  of  fiber 
losses  and  results  are  shown  in  Fig.  8  and 
Table  2. 

Fig.  9  Measuring  procedures  of  fiber  loss 


1)  Initial  optical  power  ( P 0 ) 


LF.D  light  source 
(1=1. 3uo) 


Cabinet 


^  irmi 

xcess  fiber  — 7  \  j 

(slack)  V 


Detector 

—6-tri 


Power  ireter 


Feeder  cable  Distribution  cable 
Not  yet  accorrjnodated  in  cabinet' 


2)  Optical  power  after  accor^nodat  ing 
excess  fibers  of  feeder  cable  (PI) 


-a-CTl 


Optical  power  after  accom^odat i ng 
excess  fibers  of  distribution  cable  ( P  2 


sx 


Table  2  Results 


Number  of  fibers 

which  »ire  put 

4  00  fiber* 

Into  cabinet 

(80  ribbons) 

Loss  increase 

Feeder  cable  (P0-P1)  below  0.02<iB 

Distribution  cable  (P1-P2)  :  below  0.02dB 
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Cone  lus i on 


A  high-density  accommodated  cross 
connection  cabinet  has  been  developed  and 
confirmed.  Occupied  floor  space  is 
minimal.  It  is  highly  operable  and  does 
not  impair  transmission  characteristics. 

This  cabinet  has  already  been  operated 
by  Osaka  Media  Port  Corp. .  a 
telecommunication  company,  and  has  proven 
it’s  effectiveness. 
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Abstract 

This  paper  discusses  the  design  of  an 
optical  fibre  local  area  network  which 
uses  a  non- iat rusive  technique  to 
access  fibre  at  each  network  node.  A 
demonstration  system  has  been 
constructed  which  operates  at 
10  Mbits/s  and  has  a  capacity  of 
100  nodes.  Practical  aspects  of  a 
real  system  have  been  addressed, 
particularly  implementation  of  a 
tapping  method  which  can  gain  access 
to  fibre  through  the  sheath  of  a  cable. 


introduction 


Optical  fibre  is  now  accepted  by  the 
telecommunications  community  as  the 
preferred  technology  for  long  haul 
point-to-point  links,  and  is  moving 
even  closer  to  the  end  user.  In  order 
to  give  the  user  direct  access  to  the 
bandwidth  of  fibre,  a  convenient  and 
cost  effective  means  of  linking 
terminals  and  workstations  to  a  fibre 
local  area  network  is  needed. 


Current  optical  technology  is  based  on 
point-to-point  links,  and  for  a  true 
local  area  network  is  cumbersome  in 
terms  cf  both  cable  requirement  and 
system  organisation.  The  alternative 
approach  -  to  use  couplers  and/or 
power  splitters  -  requires  a  large 
investment  in  such  components, 
generally  limits  the  number  of  system 
nodes,  and  involves  system  downtime  if 
the  network  is  to  be  reconfigured  or 
added  to.  To  realise  a  practical 
fibre  LAN.  an  approach  is  needed  which 
can  access  the  data  carried  in  the 
fibre  core  in  a  non- intrusive  way.  and 
which  uses  cheap  and  readily  available 
components . 


Techniques  for  the  local  injection  and 
detection  (LID)  of  power  in  an  optical 


fibre  are  already  commonly  used  in  the 
alignment  of  two  cleaved  ends  prior  to 
fusion  splicing.  Work  has  also  been 
published  which  outlines  the  detection 
and  extraction  of  real 
traffic1-2.  The  natural 
progression  of  this  work  is  towards 
the  use  of  LID  to  provide  multiple 
access  points  on  an  optical  fibre  to 
provide  a  network,  and  such  a  system 
is  outlined. 


Whilst  a  rudimentary  cable  and  access 
technique  has  been  used  for  the 
demonstration  system.  non- i nt rus i ve 
networks  give  a  host  of  new 
requirements  to  the  cable  designer. 
Simple  cables  can  offer  low  cost 
solutions.  but  more  complicated 
structures  which  incorporate  some  of 
the  necessary  tap  features  may  be 
attractive;  the  trade-offs  are 
considered  here.  Design  details  such 
as  the  effects  of  static  fatigue  and 
time-dependent  deformation  of  fibre 
coatings  are  also  discussed. 


System  Overview 


Work  at  STL  has  centred  on  direct 
detection  and  injection  with  single 
mode  fibres  using  a  grating,  a  large 
area  photodiode  and  a  compact  disc 
type  diode  laser.  A  system 

demonstration  of  or.a  master  node  and 
four  slave  nodes  operating  at 
10  Mbits/s  has  already  been  achieved 
with  operating  parameters  which  could 


allow 

up  to 

100 

nodes 

on 

a  single 

fibre 

ring. 

It 

uses  1 

km 

of  cable 

with 

taps 

which 

can 

be 

inserted 

anywhere  along  the  cable  length. 


Many  of  the  often  quoted  advantages  of 
optical  fibre  transmission  systems  are 
applicable  to  non- intrusive  networks  - 
noise  immunity  and  high  bandwidth 
but  in  this  subset  of  systems,  it  is 
of  course  possible  and  practical  to 
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insect  oc  remove  a  node  where  desired 
and  thus  reconfigure.  This  may  be  of 
great  utility  in  business  premises,  in 
industrial  process  plant,  and  on  board 
ship.  Cables  specific  to  each 
environment  will  then  be  needed. 


Optical  Fibre  Tap 


A  schematic  diagram  of  the  tap  is 
shown  in  Figure  1,  with  the  injected 
and  collected  light  travelling  in  the 
same  direction.  The  primary  coated 
fibre  is  sandwiched  between  a  grating 
of  appropriate  dimensions  and  a 
transparent  block  incorporating  a  lens 
system.  A  load  is  applied  to  the 
grating,  perturbing  the  fibre  so  as  to 
induce  coupling  between  a  core  mode 
and  one  oc  more  cladding  modes.  In 
order  to  extract  light,  the  cladding 
power  is  transmitted  across  the 
boundary  between  the  cladding  and  the 
protective  primary  coating,  into  the 
block,  and  is  then  collected  and 
focussed  by  the  lens  onto  a  detector. 
Light  injection  is  achieved  similarly 
with  an  LED  or  laser  replacing  the 
detector.  One  of  the  useful  features 
is  that  the  coupling  fraction  between 
the  cote  and  cladding  modes.  which 
determines  the  maximum  number  of  nodes 
in  the  system.  can  be  controlled 
variably  from  zero  to  nearly  100%  by 
simply  adjusting  the  pressure  on  the 
gcating. 


Laser  Detector 

_  Lens 

^  (  -  -  )  CP 


|AAAA/WVS| 


Grating 


Cable  and  Fibre  Access 


For  the  demonstration  system,  it  was 
necessary  to  prove  all  aspects  o.f  a 
practical  non  incrusive  approach. 
Therefore.  a  practical  and  reliable 
cable  and  access  method  was  needed. 
The  system  was  required  to  operate  in 
a  real  but  relatively  benign 
laboratory  or  business  environment 
(rather  than  on  a  bench)  which  eased 
cable  design,  but  all  the  essential 
features  of  a  more  hostile  environment 
had  to  be  considered. 


The  cable  chosen  (Figure  2)  is  a 
simple  oval  loose  tube  design 
strengthened  with  two  pultruded 
dielectric  strength  members  which 
allow  moderate  in-  building 
installation  forces  to  be  withstood. 


Figure  2:  Non-intrusive  Cable  Prototype 


Figure  1 :  Tap  Schematic 


If  a  semiconductor  laser  is  used  for 
injection  (as  opposed  to  an  LED)  then 
aberrations  in  the  imaging  optics  will 
need  to  be  minimised,  and  the 
fibre/source  alignment  is  critical. 
For  collection,  the  active  area  of  a 
semiconductor  detector  will  typically 
be  much  larger  than  the  emitting  area 
of  a  laser,  and  less  highly  corrected 
optics  and  less  stringent  alignment  is 
necessary. 


Initially  Kevlar  49  cords  were  used 
for  strength.  but  these  proved 
difficult  to  cut  reliably  when  access 
was  reguired.  The  current  strength 
members  provide  a  surprising  amount  of 
flexibility  to  the  cable  before  break 
a  minimum  bend  radius  of 
approximately  10  mm  is  achieved  on  the 
easy  axis.  Fibre  access  is  gained  by 
controlled  cutting  of  the  sheath 
within  a  jig  which  acts  both  as  a 
cutting  guide  and  as  an  'exoskeleton', 
providing  strength  and  protection  when 
the  fibre  has  been  exposed.  The  tap 
may  be  easily  mounted  on  the  jig. 
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The  cable  is  cheap  to  produce, 
involving  only  a  single  processing 
stage,  and  gives  zero  incremental  loss 
over  primary  coated  fibre.  Full 
environmental  and  mechanical  tests 
have  yet  to  be  carried  out.  Although 
currently  a  single  fibre  design, 
multiple  fibres  can  be  used,  but  in 
this  case  modifications  to  the  access 
method  will  be  needed.  These  have 
already  been  considered.  A  possible 
bonus  of  the  access  approach  is  that 
it  should  be  directly  applicable  to 
the  plastic  loose  tube  packages  widely 
used  in  the  optical  fibre  cabling 
industry.  Indeed,  any  cable  where  the 
sheath  can  be  partially  cut  without 
damage  to  the  fibre  has  potential  for 
non  intrusive  use. 

Gaining  access  to  the  fibre  does  not 
involve  system  downtime,  and  has  shown 
initial  reliability.  The  principle  is 
to  use  two  opposed  •  U '  shaped  pieces 
(Figure  3)  which  clamp  onto  the  cable, 
the  sheath  of  which  is  then  cut  in  the 
manner  described  below.  The  double 
'U'  cable  clamp  and  sheath 
removal  method  gives  nearly  360° 
access  to  the  fibre.  This  double 
sided  access  allows  the  grating  to 
approach  the  fibre  from  one  side,  and 
the  laser/photod iode  package  from  the 
other . 


Figure  3:  Tap  Clamping  Method 


To  facilitate  access,  the  two  'U' 
shaped  pieces  are  clamped  to  the  cable 
sheath.  A  longitudinal  cut  which 
penetrates  into  the  fibre  space  is 
then  made  along  one  edge  of  the 
sheath.  It  has  been  found 

experimentally  that  the  fibre  is  not 
damaged,  but  moves  out  of  the  way  of 
the  blade  reliably  and  repeatably. 
The  jig  is  inverted  and  a  similar  cut 
made  along  the  opposite  edge.  Then, 
transverse  cuts  are  made  across  the 
sheath,  half  of  which  falls  away:  the 
jig  is  inverted  again  and  similar 
transverse  cuts  made  in  the  other  half 
of  the  sheath  which  also  falls  away, 
exposing  the  fibre.  Figure  4  shows 
the  sequence  of  cutting.  A  small 
knife  alignment  mount  has  been  found 
to  considerably  ease  the  cutting 
process.  Note  that  the  blade  could  be 
ultrasonically  excited,  or  rotated 
(e.g.  a  dentist's  drill):  or  a  heated 
tool  could  be  used  which  melts  the 
cable  sheath.  Note  also  that  the 
method  is  in  principle  applicable  to 
structures  with  multiple  fibres. 


,8)  - — |  d 


C_ - 1 

(dl  ft'  u . .  ~  1  d 
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Figure  4:  Cable  Cutting  Sequence 
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The  fibre  is  now  exposed  between  the 
'U's'  and  is  protected  by  the 
longitudinal  parts  of  the  clamp. 
Proper  design  allows  the  cable  sheath 
to  be  gripped  effectively.  The  ‘  U  •  s  ' 
are  also  a  convenient  means  of 
mounting  a  tap. 


Demonstration  System 


The  demonstration  system  comprises  a 
master  station  plus  four  taps  (slave 
nodes)  working  over  a  one  kilometre 
ring  of  specially  designed  single  mode 
fibre  cable.  The  system  is  shown 
schematically  in  Figure  5.  Both  fibre 
ends  are  connected  to  a  master  station 
which  can  launch  and  receive  directly 
into  and  from  the  fibre  without  loss. 
This  master  station  is  used  as  a 
regenerator  and  allows  downstream  taps 
to  communicate  upstream.  The 
experimental  network  uses  desktop 
computers  as  the  slave  node  devices 
and  a  data  rate  of  10  Mbits/s  was 
chosen  to  be  compatible  with  other 
standards  such  as  Ethernet.  This  data 
rate  is  the  total  channel  capacity  for 
all  the  taps.  and  so  a  suitable 
multi-access  protocol  must  be  chosen 
to  share  the  resource. 


Copper  Ethernet  uses  TDMA  (time 
division  multiple  access)  with  carrier 
sense  and  collision  detection. 
Collision  detection  is  more  difficult 
in  an  optical  system  and  so  a  simpler 
technique  was  required  for  the 
demonstration  system.  Unlike  Ethernet 
networks  with  distributed 
intelligence.  the  master  station 
naturally  lends  itself  to  a  central 
control  approach  (and  can  also  be  used 
as  a  gateway  to  other  networks)  so  a 
polling  protocol  was  adopted  with  the 
master  controlling  allocation  of  the 
channel  based  on  requests  from  taps 
for  channel  usage. 


A  standard  telecommunications  type 
laser  emitting  at  1300  nm.  and  with  a 
launch  power  of  l  mW  was  used  as  the 
master  source.  To  be  economically 
viable,  it  is  essential  to  use  cheaper 
components  at  the  tap  and  restrict  any 
more  expensive  components  that  may  be 
required  to  the  one  master  site.  The 
(cheap)  laser  used  in  compact  disc 
players  was  the  idea)  choice  for  the 
tap  injection  source  emitting  at 
790  nm.  At  this  wavelength, 
conventional  telecommunications  fibre 
can  support  more  than  one  mode,  and  in 
order  to  prevent  modal  noise  problems, 
the  laser  is  modulated  at  2b0  MHz  to 
reduce  its  coherence.  A  silicon 


Data 


1  I 


Figure  5:  Prototype  System  Schematic 
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Wavelength 
Fibre  loss 
Source  power 
Receiver  sensitivity 
Peak/mean  ratio 
Injection  loss 
Tapping  loss 
Coupling  fraction 
Total  node  loss 
Total  loss 
Operating  margin 
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Figure  6.  Power  Budget  for  50  node,  1  km  system 


avalanche  photodiode  was  used  at  the 
master  receiver  where  its  high 
sensitivity  could  usefully  be  employed 
to  offset  the  tap  injection  losses. 
Relatively  cheap  germanium  photodiodes 
were  used  as  tap  receiver  detectors, 
the  efficient  light  collection  process 
obviating  the  need  for  an  expensive 
APD  to  realise  a  workable 
sensitivity.  The  tapping  fraction  was 
adjusted  at  each  slave  node  to  be 
representative  of  a  fifty  node  system, 
but  economic  considerations  did  not 
allow  for  fifty  taps  to  be  constructed. 

The  demonstration  system  power  budget 
is  shown  in  Figure  6. 


Cabling  Techniques 


The  concept  of  an  installation  based 
on  non- intrus ive  techniques  presents 
some  novel  cable  requirements  to 
engineers.  They  are  used  to  designing 
cables  which  protect  the  fibre  by 
making  it  difficult  to  access.  They 
are  now  asked  to  cable  it  in  such  a 
way  that  it  gives  quick  and  easy 
access  to.  and  anchorage  for,  the  tap. 
while  still  providing  adequate 
protect  ion . 


By  using  a  complicated  cable 
structure,  convenient  features  can  be 
built  in.  such  as  a  measure  of 
fibte/tap  alignment,  but  at  a  cost. 
Take  two  examples.  The  first  is  a 
cable  in  which  a  coated  fibre  is  held 
on  the  cable  neutral  axis  by  a  lightly 
foamed  elastomer  which  is  extruded 
with  a  permanent  split  to  its  centre, 
achieved  by  the  use  of  a  web  in  the 
extruder  crosshead.  In  the  cable 
construction.  this  split  is  arranged 
to  correspond  with  an  easy  split  line 
in  the  sheath.  This  line  is  marked 
during  sheath  extrusion  by  a  different 


coloured  plastic  inserted  by  a  small 
'piggy  back'  extruder.  When  a  tap  is 
required,  the  cable  can  be  easily 
split  down  this  line.  and  a  wedge 
shape  tap  insetted.  Positive  tap 
alignment  can  be  achieved. 


The  second  example  is  a  cable  with  a 
sheath  which  is  made  in  two  identical 
halves.  Whilst  manufacturing  the 
halves.  periodic  stampings  are  made 
which  indent  the  sheath  to  provide 
knock-out  panels  which  ease  removal 
(in  the  manner  of  a  soft  drink  can  lid 
with  ring-pull).  The  cable  is  then 
put  together  by  glueing  or 
oversheathing. 


Whilst  elegant,  both  of  these  designs 
lead  to  multi-stage  production 
processes.  with  inevitable  drop  in 
yield  and  rise  in  cost. 


Other  cable  structures  which  aid 
tapping  can  be  envisaged.  For 
example.  the  grating  itself  can  be 
incorporated  during  manufacture,  (e.g. 
by  the  stamping  process  described 
above)  and  designed  to  be  used  only 
when  a  tap  is  required  although  this 
may  be  somewhat  dangerous  if  the  cable 
is  bent.  Alternatively.  ’zip- like' 
like  features  could  be  included  in  the 
cable  sheath. 


However,  such  additions  will  increase 
cabling  costs,  and  will  only  be  used 
in  fields  where  the  simpler  tapping 
procedures  compensate  for  this 
increased  cost.  Simplicity  will  be  of 
the  essence,  to  keep  costs  down  in 
what  are  likely  to  be  very  competitive 
and  cost-conscious  markets. 
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System  Reliability 


From  the  overall  system  view.  a 
properly  designed  non- intrus ive 
optical  network  will  be  no  less 
reliable  than  a  conventional 
point-to-point  link,  as  they  both  use 
similar  optoelectronic  components. 
There  are,  however.  two  important 
additional  aspect'  of  the  technique 
which  merit  special  consideration. 
These,  both  concerning  the  tap  itself, 
are  static  fatigue  and  long-term 
deformation  of  fibre  coatings. 


Static  fatigue  must  be  considered 
because  the  tap  subjects  the  fibre  to 
bending  strain.  One  of  the  advantages 
of  using  a  grating  rather  than  a 
simple  bend  to  tap  light  is  that  the 
bending  strain  is  much  lower1. 
Using  classical  bending  beam  theory, 
the  shape  of  the  bent  fibre  has  been 
described  by  means  of  a  Fourier 
series3.  The  crucial  result  of 
this,  as  far  as  static  fatigue  is 
concerned.  is  the  maximum  surface 
tensile  strain.  This  is  slightly 
different  for  injection  and  detection, 
as  two  different  gratings  are  used. 
The  maximum  tensile  strain  for 
injection  is  0.15%,  and  for  collection 
0. 12%. 

The  inert  fibre  strength  required  to 
survive  a  0.15%  strain  for  ten  years 
service  life  was  calculated  using 
standard  static  fatigue  theory, 
assuming  an  N  value  of  25  for  an 
indoor  environment  and  a  B  value  of 
10loPa3s.  In  terms  of  strain 
this  inert  strength  is  0.645%.  This 
is  comparable  with  the  0.5%  proof  test 
level  used  for  standard 

telecommunications  fibre.  so  it  can 
already  be  seen  that  fatigue  will  not 
be  a  major  problem.  When  it  is 
realised  that  only  a  very  small 
surface  area  of  the  fibre  is  exposed 
to  this  strain,  a  large  safety  margin 
is  seen  to  exist. 


In  the  demonstration  system  tap.  the 
length  of  fibre  under  strain  totals 
13.6  mm.  In  order  to  obtain  a 
conservative  estimate  of  failure 
probability,  the  following  assumptions 
were  made.  Firstly,  the  entire 
13.6  mm  was  considered  to  be  under  the 
maximum  0.15%  strain.  and  secondly, 
the  entire  fibre  surface  was  also 
considered  to  be  at  this  maximum 
surface  strain.  In  actuality.  only 
the  extreme  outside  of  the  bend  is  at 


this  strain.  The  probability  of 
failure  was  then  calculated  using  data 
obtained  from  longer  length  tensile 
strength  experiments  on  commercial 
fibre*.  This  is  less  than 
10' 1 °  over  the  ten  year  period  and 
is  thus  negligible. 


The  second  aspect  of  long  term 
reliability,  creep  of  fibre  coatings 
due  to  loading  by  the  gratings  over 
the  system  lifetime.  has  also  been 
addressed.  Any  such  deformation  would 
result  in  drift  in  the  amount  of  light 
collected  or  injected.  A  theoretical 
analysis  of  the  problem  is  difficult, 
since  it  is  not  clear  which  model  of 
deformation  applies  to  the  coatings. 
Each  model  predicts  a  different 
behaviour  in  the  long  term,  ranging 
from  continual  flow  leading  to 
breakdown.  to  the  eventual 
establishment  of  an  equilibrium 
distortion. 


A  simple  approach  was  adopted 
measurement  of  coating  movement  under 
simulated  service  conditions.  The 
experimental  configuration  is  shown  in 
Figure  7.  The  two  bare  fibres 
simulat-e  two  bars  of  the  grating  and 
tne  fibres  are  loaded  by  applying  a 
weight  to  the  top  plate.  This  is  a 
mechanically  stable  configuration 
where  the  load  on  an  intersection  can 
be  calculated.  Coating  deformation 
may  be  measured  by  monitoring  the 
capacitance  between  the  metallic 
plates.  The  area  of  the  formed 
capacitor  is  large  enough  to  ignore 
changes  in  dielectric  constant  at  the 
crossovers . 


At  room  temperature,  90%  of  the 
coating  distortion  was  complete  during 
the  first  few  minutes  from  loading, 
after  which  exponentially  decreasing 
movement  was  observed.  Extrapolation 
of  results  made  over  a  month 
(Figure  8)  suggests  that  after  some 
80  microns  of  flow  (66%  coating 
deformation),  a  stable  condition  was 
reached.  Indeed,  many  centuries  would 
pass  before  complete  penetration  of 
the  120  m  primary  coating. 

Further  experiments,  also  shown  in 
Figure  8.  were  conducted  at  elevated 
temperatures  to  70°C  and  showed  no 
evidence  of  catastrophic  breakdown  to 
(ductile)  failure.  The  apparent 
inconsistency  between  the  results  at 
40°C  and  50  °C  can  be  explained 
by  the  fact  that  there  is  a  glass 
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Deformation  (p.  m) 


120 


Figure  7:  Creep  Experiment  Schematic 


This  paper  has  presented  the 
implementation  of  a  non- intrusive 
optical  fibre  network.  It  has  shown 
that  such  techniques  are  fundamentally 
practical,  and  have  the  potential  to 
operate  reliably  over  extended  periods 
of  time. 


Acknowledgements 


The  authors  thank  the  directors  of  STC 
Technology  Ltd  for  their  permission  to 
publish  this  paper.  The  work  is  the 
result  of  the  collaboration  between 
many  STL  colleagues;  to  name  some 
would  be  unjust,  and  to  name  them  all 
would  be  impractical. 


Figure  8:  Primary  Coating  Deformation 
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transition  of  the  acrylate  used  at 
approximately  39°C. 

The  results  of  the  analyses  of  both 
static  fatigue  and  polymer  coating 
distortion  leave  us  confident  that  a 
system  designed  on  the  principles  thus 
far  adopted  would  have  a  service  life 
of  more  than  10  years. 
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Abstract 

Techniques  so  far  developed  for  optical 
telecommunication  trunk  line  networks  do  not 
fulfil  the  requirements  of  future  subscriber 
loop  networks.  Based  on  the  optical  fibre 
ribbon  cable,  multiple  splicing  techniques  and 
the  plastic  connector  a  full  range  of  cable 
accessories  has  been  developed. 

New  type  splice  organizers  assure  orderly 
storage  of  ribbon-to-ribbon  connections  and 
splicing  lengths  in  both  existing  and  future 
splice  closures.  The  splicing  lenghts  of  fibre 
ribbons  are  stored  prior  to  the  splicing 
process.  They  are  to  be  pulled  out  of  the 
organizer  for  the  splicing  procedure  and  pushed 
back  when  the  splice  is  finished. 

Modular  constructed  cable  terminals  employing 
the  recently  developed  plastic  connector  [1] 
and  pre-connectorized  jumper  fibres  are  the 
main  elements  of  optical  cross  connecting 
cabinets  and  main  distribution  frames. 


i.  Introduction 


Optical  telecommunication  techniques  are 
succesful  used  in  trunk  line  networks  for 
several  years.  The  next  step  of  development 
will  be  the  introduction  of  fibre  optic  tech¬ 
niques  into  subscriber  loop  networks.  Techni¬ 
ques,  equipment  and  procedures  developed  so  far 
for  telecommunication  networks  therefore  fulfil 
the  requirements  of  trunk  line  applications  but 
are  hardly  the  appropriate  approach  of  the 
subscriber  loop  networks  of  the  future. 


Key  element  of  the  subscriber  loop  network  is 
the  optical  fibre  ribbon  cable,  which  offers 
the  combined  advantage  of  high  fibre  density 
and  multiple  fusion  splicing  of  the  fibres. 


Based  on  this  cable  and  splicing  approach  the 
principles  of  a  complete  range  of  cable 
accessories  for  subscriber  loop  networks  have 
been  developed  including  a  new  splice  orga¬ 
nizer  for  fibre  ribbons. 


In  addition  to  permanent  ribbon-to-ribbon 
connections  subscriber  loop  networks  also 
require  detachable  fibre  connections  for  cable 
terminals  in  cross  connecting  cabinets  and  main 
distribution  frames.  A  new  technological 
approach  to  cables  terminals  is  the  subscriber 
loop  connector  employing  precision  thermo¬ 
plastic  moulding  technologies  and  fibre 
adjustment  in  v-grooves  [1].  Together  with  the 
above  mentioned  splice  organizer  this  plastic 
connector  is  the  main  element  of  terminal  units 
in  modular  constructed  terminals  for  fibre 
ribbon  cables. 


2.  Splice  Organizer  for  Fibre  Ribbon 


Connections 


The  main  problem  of  cable  accessories  for 
optical  fibre  ribbon  cables  is  to  store  the 
ribbon-to-ribbon  connections  and  the  appro¬ 
priate  splicing-  and  repair  lengths  well 
arranged  in  an  easy  and  time  saving  procedure. 
Due  to  the  rectangular  shape  of  the  fibre 
ribbon  these  lenghts  cannot  be  stored  in  simple 
loops  after  completing  the  splice  procedure  as 
it  is  done  with  single  fibres. 


Special  splice  organizers  for  optical  fibre 
ribbons  have  been  develooed.  In  these  orga¬ 
nizers  the  splicing-  and  repair  lenghts  of  the 
ribbons  to  be  connected  are  stored  in  separated 
storage  chambers  prior  to  the  splicing 
procedure.  Before  the  splic.ng  procedure  is 
started  the  ends  of  the  already  stored  fibre 
ribbons  have  to  be  pulled  out  of  the  storage 
chambers  of  the  splice  organizer.  When  the 
splicing  procedure  is  finished  the  ribbons  are 
pushed  back  into  the  storage  chambers. 


2.1  One-chamber  splice  organizer 


The  one-chamber  splice  organizer  is  made  up  by 
two  cylindrical  storage  chambers  for  fibre 
ribbons  as  shown  in  Fig.  1. 
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Fig.l  One-chamber  splice  organizer 


The  fibre  ribbons  to  be  stored  are  introduced 
through  guiding  channels  into  the  organizer. 
Before  they  reach  the  interior  of  the  storage 
chambers  they  are  turned  into  upright  position. 
Thus  the  ribbon  lenghts  to  be  stored  are 
inserted  into  the  storage  chambers  through 
slotted  holders  loop  by  loop.  The  ends  of  the 
fibre  ribbons  are  led  out  through  ports  in  the 
outer  walls  of  the  storage  chambers.  Normally 
all  layers  of  the  ribbons  are  close  to  the 
outer  walls  due  to  their  stiffness.  The  ends  of 
fibre  ribbons  are  to  be  pulled  out  of  the 
storage  chambers  before  the  splicing  procedure 
is  started,  the  coils  of  ribbon  layers  are 
drawn  together  and  ribbon  length  is  gained  to 
lead  the  ribbon  ends  to  the  splicing  machine. 
When  the  splicing  procedure  is  finished  the 
ribbons  are  pushed  back  into  the  storage 
chambers  and  the  protected  splice  is  fixed  in 
the  space  between  both  storage  chambers. 

The  one-chamber  splice  organizer  fulfils  all 
requirements  for  the  storage  of  ribbon-to- 
ribbon  connections  including  the  appropriate 
splicing-  and  repair  lenghts.  But  the  splice 
organizer  cannot  be  taken  out  of  the  splice 
closure  to  bring  it  close  to  the  splicing 
machine  without  providing  further  unprotected 
lenghts  of  fibre  ribbon  remaining  unarranged  in 
the  spl ice  closure. 


2.2  Two-chamber  splice  organizer 


The  two-chamber  splice  organizer  should  be  used 
in  all  cases  where  it  is  required  to  take  the 
splice  organizer  out  of  the  cable  accessory  and 
bring  it  close  to  the  splicing  machine. 


FIG. 2  Two-chamber  splice  organizer 

To  prepare  the  two-chamber  splice  organizer  for 
the  splicing  procedure  the  fibre  ribbon  is 
inserted  into  the  interior  zone  first  and  then 
is  changed  over  into  the  exterior  zone.  At  the 
separating  wall  between  both  zones  the  fibre 
ribbon  is  fixed  by  a  clamping  device.  All  other 
mounting  steps  are  the  same  as  described  in  the 
case  of  the  one-chamber  splice  organizer. 

Due  to  its  construction  it  is  possible  to  take 
the  two-chamber  splice  organizer  out  of  the 
splice  closure  whereby  the  ribbon  portions 
stored  in  the  interior  zones  are  used;  to  get 
the  ribbon  ends  to  the  splicing  device  the 
stored  lengths  in  the  exterior  zones  are  used. 
When  the  two-chamber  organizer  is  placed  back 
into  the  splice  closure  after  the  splicing 
procedure  both  fibre  ribbon  lengths  are  stored 
well  protected  within  the  splice  organizer. 


3.  Support  for  Splice  Organizer 

The  supports  as  shown  in  Fig.  3  serve  for 
screwless  fixing  of  both  type  of  splice 
organizers  in  cable  accessories.  The  supports 
are  provided  with  slots  for  the  organizers  to 
be  pushed  in.  Every  slot  is  able  to  carry  one 
organizer  in  horizontal  position  or  two 
organizers  standing  upright.  According  to  the 
modular  construction  long  rows  of  supports  can 
be  formed. 
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Two-chamber  splice  organizers  cz-.  oe  used 
beginning  with  the  size  TK  120-^.J.  This  closure 
is  able  to  take  up  20  *wo-chamber  organizers 
for  200  fibre  splices.  It  is  shown  in  Fig.  5. 
One  of  the  two-chamber  organizers  has  been 
taken  out  for  spl icing. 


FIG.  3  Support  for  splice  organizer 


4.  Splice  Closures  for  Optical  Ribbon  Cables 

The  described  splice  organizers  are  designed 
for  both  existing  and  future  types  of  splice 
closures.  In  the  initial  stage  of  optical 
subscriber  loop  networks  probably  proven  types 
of  splice  closures  will  be  used,  e.  g.  the  well 
known  TK-closures  of  screwed-  and  clamping 
type. 

Due  to  their  dimensions  the  closures  TSK  100-4 
and  TK  95-64  are  only  suitable  for  one-chamber 
splice  organizers.  Fig.  4  shows  the  splice 
closure  TSK  100-4  equipped  with  5  one-chamber 
splice  organizers  to  store  the  splices  of  5 
fibre  ribbons. 


FIG.  5  TK  120-80  equipped  with  20  two- 

chamber  splice  organizers,  one  taken 
out  for  splicing 

The  closures  TK  155-100  and  TK  155- 100L  are 
able  to  take  up  50  or  80  two-chamber  splice 
organizers  respectively.  Table  1  surveys  the 
dimensions  and  the  fibre/  ribbon  capacity  of 
the  complete  TK-closure  family  equipped  with 
one-  and  two-  chamber  splice  organizers. 


One  chamber  organizer 


Dimension  (mm) 


TSK  100-4  86  x  114  x  2C7 

TK  95  64  I  #155  x  430 


Capacity 
organizer  I  fibres 


The  further  progress  in  building  out  optical 
subscriber  loop  networks  will  require  the 
development  of  a  new  closure  family  especially 
designed  to  the  requirements  of  fibre  ribbon 
cables.  In  Table  2  the  possible  range  of  a 
future  closure  family  with  main  dimensions  and 
fibre  capacity  is  shown. 


On  its  bottom  side  it  is  provided  with  modified 
splice  organizers  and  a  tenfold  connector 
port.  One  fibre  ribbon  of  the  outside  plant 
cable  is  spliced  to  single  fibre  pigtails  of 
the  plastic  connectors.  Both  splicing  lengths 
of  the  fibre  ribbon  and  the  pigtails  are  stored 
in  separate  storage  chambers  see  Fig.  7. 


Capacity 

organizer  |  fibres 


Dimension  (mm) 


120  x  170  x  385 
170  x  230  x  375 
170  x  230  x  550 
170  x  230  x  850 
270  x  275  x  850 


Table  2:  Possible  capacity  and  dimensions 
of  a  future  closure  family 


5.  Switching  Units  for  Fibre  Ribbon  Cables 


Based  on  the  above  mentioned  plastic  connector 
for  subscriber  loop  network  applications  [1]  a 
new  type  of  optical  cable  terminal  was 
developed  to  provide  detachable  connections  in 
cross  connecting  cabinets  and  main  distribution 
frames. 

This  cable  terminal  allows  termination  of  100 
fibres.  It  is  modular  constructed  and  made  up 
of  plug-in  units  to  terminate  one  fibre  ribbon 
each. 


FIG.  7  Plug-in  unit,  bottom  view 


On  the  upper  side  of  the  terminal  unit  a  stack 
of  storage  disks  for  pre-connectorized  jumper 
fibres  is  arranged.  These  disks  are  needed  to 
store  the  overlengths  of  pre-fabricated  jumper 
fibres,  see  Fig.  8. 


A  complete  mounted  plug-in  unit  is  shown  in 
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Switching  units  are  built  up  by  at  least  one 
pair  of  terminal  blocks  but  only  one  stack  of 
storage  disks  per  terminal  is  needed.  Therefore 
a  second  type  of  terminal  unit,  without  storage 
disks  was  taken  into  account. 

Cross  connecting  cabinets  and  main  distribution 
frames  built  up  with  described  cable  terminals 
are  comparatively  small  units.  They  offer  the 
advantage  of  time  saving  switching  operations. 
Fig.  9  shows  the  first  model  of  a  column  of 
terminal  units  for  use  in  cross  connecting 
cabinets.  Simular  structions  can  be  built  up 
for  main  distribution  frames. 


Fig.  9  Cable  terminal  units  for  fibre  ribbon 
cables  in  cross  connecting  cabinets 


6.  Conclusion 

The  basic  principles  for  a  complete  range  of 
cable  accessories  for  optical  fibre  ribbon 
cables  have  been  developed  which  fulfil  the 
very  special  requirements  of  subscriber  loop 
networks . 

One-  and  two-chamber  splice  organizers  assure 
easy  storage  of  ribbon-to-ribbon  splices  in 
spl ice  closures. 

Cable  terminals  built  up  by  plug-in  units 
provide  detachable  fibre  connections. They  also 
provide  well  organized  arrangement  of  pre- 
connectorized  jumper  fibres  in  cross  connecting 
.abinets  and  main  distribution  frames. 


[1]  W.  Eutin,  U.  Grzesik,  E.  Schiirmann,  “New 
Plastic  Single  Mode  Fibre  Connector  For 
Subscriber  Networks",  presented  at  this 
conference 
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OPTICAL  FIBER  CORD  FOR  AIRPLANE  APPLICATION 
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ABSTRACT 

A  new  small  diameter,  light  weight  optical  fiber 
cord  with  good  optical  and  mechanical  performances 
was  developed  for  airplane  application  by  over¬ 
coming  microbending  and  jacket  shrinkage  problmes. 
The  fiber  has  208pm  core  and  250pm  cladding.  The 
transmission  loss  is  less  than  8.0d8/km  at  0.85pm 
in  the  temperature  range  from  -65°C  to  +150°C. 

This  temperature  range  would  be  applicable  to 
a  relatively  large  area  of  the  airplane. 


1.  Introduction 

Among  various  features  of  optical  fiber  cable,  the 
compactness,  lightness  and  immunity  to  electro¬ 
magnetic  interference  are  the  most  attractive 
aspects  for  its  application  to  airplanes.  Optical 
fiber  cable  used  in  airplanes  is  required  to 
function  properly  over  a  very  wide  range  of  tem¬ 
peratures  about  from  -65°C  to  +150°C.  An  optical 
fiber  cord  (single  fiber  cable)  has  usually  no 
anti-bucking  elements.  Therefore  it  shows  a 
very  large  increase  in  optical  loss  at  temperature 
below  -50°C  due  to  thermal  shrinkage  of  the  cord 
jacket  material  and  its  relaxation  of  residual 
strain  of  extrusion  after  being  exposed  at  high 
temperature.  This  problem  has  to  be  solved. 

In  addition,  extremely  high  mechanical  reliability, 
flexibility,  lightness  and  low  loss  optical  trans¬ 
mission  property  are  required  for  an  airborne 
optical  fiber  cord.  This  paper  reports  the  devel¬ 
opment  of  an  optical  fiber  cord  to  meet  the  above- 
mentioned  severe  requirements. 


**Luis  J.  Lazaro,  **Ai  D.  Tu  and  **Deffie  Coy 


**Boeing  Commercial  Airplane  Co. 


2.  Cable  specification 

The  airborne  optical  fiber  cable  is  very  different 
from  other  application  cables  in  the  following 
ways . 

i)  It  must  have  much  better  reliability. 

ii)  The  cable  must  withstand  a  very  wide 
temperature  range,  from  -65°C  to  +150°C 
or  more. 

iii)  The  fiber  must  transmit  as  much  optical 
power  as  possible  due  to  the  vast  amount 
of  branching  necessary. 

Based  on  these  requirements,  the  specification 
for  optical  fiber  cord  described  in  Table  1  was 
set.  The  reason  for  a  very  high  N.A.  (=0.35) 
is  to  make  the  fiber  very  resistant  to  micro¬ 
bending  loss,  since  microbending  loss  is  propor¬ 
tional  to  an* 3  or  an*5  [1],[2].  in  is  the  refrac¬ 
tive  index  difference  between  the  core  and  the 
cladding  and  is  related  to  N  A  as  follows: 
NA=nv'2an ,  wherein  is  the  refractive  index  of  core. 
A  large  size  core  (=208um)  was  chosen  due  to  above 
requirement  iii). 


3.  Cable  technology 

To  get  a  cable  that  meets  the  specifications 
in  Table  1,  the  cable  as  shown  in  Fig.l  was 
designed.  The  following  no-,,'  concepts  and  tech¬ 
niques  were  developed  and  applied  to  the  cable; 

A  very  high  index  difference  fiber  (an=3.6%) 
was  made  by  doping  a  large  quantity  of 
germanium  in  the  core  as  well  as  in  the 
fluorine  in  the  cladding.  An  example  of 
an  actual  refractive  index  profile  is  shown 
in  Fig. 2. 


I 
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Table  1  Specification  of  optical  fiber  cord 


Item 

Requi rement 

_ 

A.  Optical  performance 

1  Attenuation  , 

Less  than  15dB/km  from  -65°C  to  +150°C 

2  Numerical  aperture 

0.35  ±  0.03 

3  Light  susceptibil ity 

Less  than  150  nanowatt/km  for  3000  foot  candles 

B.  Mechanical/Physical  characteristics 

_ _  _ _ _ _ _ _ _ _ _ _ - _ _ _ _ 

1  Eccentricity 

Less  than  6%  for  core/cladding  and  cladding/jacket 

__ 

2  Tensile  strength 

and  elongation 

Less  than  3%  elongation  for  80kg  load 

3  Flexibility 

— 

Flex  torgue  is  less  loan  650k-cm,  875k-cm 
for  bending  90°,  180°  respectively 

4  Impact 

Less  than  G.5dB  for  50  cycles  of  37.5kgfm  impact 

5  Weight  and  diameter 

Weight;  4kg/km  max.,  0/D;  1.8mm  max. 

— - -  - —  - — — 

C.  Environmental  requirements 

1  Accelerated  aging 

No  cracks  for  120  hours  at  200°C 

2  Cold  bend 

Loss  increase  less  than  0.5dB  for  8  turns 
on  50mmiti  mandrel 

3  Flammability 

Self-extingishing  within  30  sec  after  flame  removed 

4  Flexure  endurance 

Loss  increase  less  than  0.5dB  for  2000  cycles 
of  flexing  with  50mmit  mandrel 
— 

5  Scrape  abrasion 

resi stance 

Strength  member  shall  not  be  exposed 
for  specified  brade 

6  Thermal  shock  resistance 

Shrinkage  of  any  layer  is  less  than  3.5mm 
for  rapid  temp,  change  from  +150°C  to  -65°C 

7  Shrinkage  or  elongation 
of  layers 

Less  than  3.5mm  for  aging  for  6  hours  at  150°C 

8  Wicking 

_ 

Less  than  3.5mm  for  ink  immersion  test 

TAPE 

r  i  .  2  R  *'  f  r  a  l  t  v  {■  :  -i  I  o  x  f  r  o  f  i  ] 
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By  adding  wiskers, 


(?)  Fluorocarbon  polymer  in  which  3.8%  of  inor¬ 
ganic  wiskers  were  added  was  used  for  the 
outer  jacket.  The  reason  for  this  is  as 
follows:  Plastic  generally  used  for  a  jacket 
of  optical  fiber  cord  degenerates  at  a  high 
temperature  {+150°C).  Though  fluorocarbon 
polymer  can  withstand  this  temperature,  it 
adversely  affects  fibers  due  to  thermal 
shrinkage  and  relaxation  fo  extrusion  stress. 
To  reduce  this  problem,  wiskers  were  added 
into  the  fluorocarbon  polymer.  We  selected 
K20-6Ti0  as  wisker  h° _ause  it  was  able  to 
withstand  the  extrusion  temperature  of  the 
fluorocarbon  polymer.  Wiskers  in  the  polymer 
were  oriented  in  an  axial  direction  during 
the  extrusion  process  as  shown  in  Fig. 3  which 
suppressed  the  polymer  shrinking. 


i)  Thermal  shrinkage  can  be  reduced  to  40  n. 
60'*'  of  the  original  value  (Fig. 4). 

ii)  Young  modulus  at  high  temperature  is  as 
twice  as  the  original  value  of  the  fluoro¬ 
carbon  polymer.  This  increases  the  mech¬ 
anical  strength  of  the  cord  at  high  tem¬ 
peratures  (Fig. 5). 
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(3)  A  slipping  tape  was  applied  beneath  the 

outer  jacket  layer  in  order  to  achieve  uniform 
lengthwise  jacket  contraction.  This  costruc- 
tion  served  to  reduce  the  increase  of  trans¬ 
mission  loss. 


4.  Property  of  the  finished  optical  cord 

1)  Construction  of  finished  optical  core 

Construction  of  finished  optical  cord  is  shown 
in  Table  2. 

Table  2  Construction  of 


finished 

optical  cord 

Items 

Construction 

Core  diameter 

208um 

Fiber 

Clad  diameter 

250pm 

N .  A . 

0.35  i  0.02 

- 

Index  profile 

aN+=  2.6%  (Gr  doped  silica) 
aN"=-1.0%  (F  doped  silica) 

Primary 

coating 

Diameter 

0.45mm  I 

Secondary 

coating 

Diameter 

j 

0 . 5  mm 

Outer 

jacket 

Diameter 

1 .  7  mm 

Total 

weight 

3 . 2g/m 

2)  Attenuation 

The  attenuation  loss  measured  at  room  temperature 
is  shown  in  Fig. 6  and  loss  change  at  0.85um 
against  temperature  from  -65°C  to  +150°C  is  shown 
in  Fig. 7.  From  these  results  the  attenuation 
of  this  optical  cor d  is  less  than  8dB/km  over 
the  temperature  range  from  -65°C  to  +150°C. 


!  \ 

1  1  \ 


:  'i  ;  ■ «  i .  s  «, 
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Elongation  (X) 


3)  Tensile  strength 


4)  Other  mechanical  properties 


Fig. 8  shows  the  elongation  of  the  cord  when  tensile 
load  was  applied.  This  cord  showed  no  breakage 
till  130kgf  since  all  the  constituting  materials 
had  breaking  elongation  at  more  than  Z%. 


Some  mechanical  properties  are  shown  in  Table  3. 

All  other  properties  listed  in  the  specification 

(Table  1)  are  satisfied.  I 


Fis.  8  Elongation  against  Tension 


5.  Conclusion 


A  new  small  diameter,  light  weight  optical  fiber 
cord  with  good  mechanical  performance  was 
developed  for  airplane  application.  The  trans¬ 
mission  loss  is  less  than  8.0dB/km  at  0.85ym 
in  the  temperature  range  from  -65°C  to  +150°C. 
This  temperature  range  would  be  applicable  to 
a  relatively  large  area  of  the  airplane. 
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Table  3  Mechanical  properties  of  a  developed  optical  fiber  cord 


Items  Test  condition 

Loss  change 

I  t-  The  hanmer  of  0.25g  weight  was  dropped  from 

impact  15Qmm  height  fQr  50  cycles 

Less  than  O.ldB 

P  i j  h  j  6m  length  specimen  was  wound  8  turns  on 

50mm  diameter  mandrel  at  -65°C 

Less  than  O.ldB 

Flexure  endurance  The  sPecimen  was  bent  through  180°C  using  mandrel  with 
50mm  diameter  at  a  rate  15  cycle/min. 

Less  than  0.05dB 

Scrape  abrasion  The  specimen  was  subjected  to  30  cycles  of 

resistance  scraping  using  blade  with  a  0.5kg  applied  weight 

Less  than  0.05dB 

j-wI st  250mm  specimen  with  a  load  of  2kg  weight  was 

',,b'  twisted  through  180°  in  either  direction  for  200  cycles 

Less  than  0.05dB 

i 


I 
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ABSTRACT 


Application  of  fiber-optic  technology  can  significantly 
enhance  the  operational  capability  of  a  ship.  Ship 
designers  and  builders  have  already  placed  fiber-optic 
systems  aboard  ships  to  take  advantage  of  the  inherent 
attributes  of  fiber-optic  technology.  A  fiber-optic 
cable’s  small  size  allows  for  substantial  weight  reduction 
and  increases  usable  irterior  space.  The  characteristic 
of  optical  fiber  provides  for  very  high  bandwidth,  low 
noise- to-signal  ratio,  and  immunity  to  EMP/EMI/RFI 
radiation.  Early  trials  aboard  ships  used  largo  core 
100/140  pm  core/cladding  fiber.  However,  the  present 
trend  is  towards  radiation-hardened  62.5/125  pm 
graded  index  multimode  and  single-mode  fibers  to  take 
advantage  of  these  fibers’  characteristics.  In  any  case, 
the  impressive  features  of  fiber-optic  systems  when 
matched  to  shipboard  requirements,  not  only  enhance 
system  performance,  but  also  increase  system  reliability 
and  survivability.  This  paper  describes  a  shipboard 
fiber-optic  cable  design  and  presents  some  test  results. 


INTRODUCTION 

Fiber-optic  technology  can  take  a  place  among  other 
great  technologies  such  as  radio,  radar,  transistor,  laser, 
etc.  Even  in  its  infancy  this  technology  caused  the 
restructuring  of  the  entire  national  long  distance 
network.  In  its  subsequent  growing  age,  fiber  optics 
progressed  and  reached  beyond  the  telephone  loop  plant 
into  serving  areas,  office  buildings,  and  finally 
residences.  Today,  the  technology  has  reached  a  more 
mature  stage,  and  the  military  is  actively  engaged  in 
extending  fiber  optics  into  weapons  systems,  sensor 
systems,  control  systems,  and  combined  computer  and 
telecommunications  systems. 

The  U.S.  Navy  has  numerous  programs  underway  to 
efficiently  integrate  fiber  optics  into  both  shore  facilities 
and  shipboard  systems.  With  regard  to  shipboard 
systems,  the  U.S.  Navy  has  recognized  the 
overwhelming  advantages  fiber  optic  systems  can 
provide  to  enhance  a  ship's  operational  capability.  It 
should  be  noted  that  fiber  optics  affords  the 
opportunity: 


•  to  remove  tens  of  thousands  of  pounds  from  a  ship’s 
weight  and  reduce  cable  space  requirements  by 
providing  cables  that  are  light  in  weight  and  have 
small  diameters  (volume),  yet  increase  the 
information  carrying  capability  compared  to  present 
copper  cable  systems,  thereby  enhancing  the  ship's 
operational  capability 

•  to  integrate  all  of  a  ship’s  systems  and  sub-systems, 
i.e.,  control  (machinery),  sensors,  alarms,  weapons, 
surveillance,  telecommunications,  administration, 
video,  etc.,  into  a  single  survivable  network  aboard  a 
ship 

•  to  be  assured  that  this  network  is  capable  of 
sustaining  technological  and  capacity  growth,  and 
that  the  components  are  designed  to  last  for  the  life 
of  the  ship 

•  to  implement  a  cable  plant  that  provides  immunity 
against  electromagnetic  pulse  (EMP). 
electromagnetic  interference  (EMI),  and  radio 
frequency  interference  (RF1)  and  requires  no  sheath 
grounding 

•  to  achieve  cost  effectiveness  when  compared  to 
similar  functional  systems  and  to  enhance  the  overall 
reliability,  survivability,  and  capability  of  a  new 
class  of  warships 

As  the  Navy  moved  to  integrate  fiber-optics  technology 
with  naval  shipboard  requirements,  1:  programs  were 
started  to  produce  standards  and  specifications  for 
marine  shipboard  fiber-optic  components.  The  intent  of 
these  specifications  is  to  avoid  a  proliferation  of  designs 
and  acquire  an  inventory  of  marine-qualified 
components.  These  components  would  be  available  for 
use  in  several  new  systems  being  developed  for 
shipboard  installation.  For  example,  the  Fiber 
Distributed  Data  Interface  (ANSI  X3T9.5)  system  and 
the  SAE  AE-9B  system  are  two  commercial  Local  Area 
Network  (LAN)  standards  that  are  either  fiber  based  or 
enhanced  through  the  use  of  fiber.  These  commercial 
systems,  based  on  multimode  fiber,  are  being  studied  as 
base-line  models  for  conversion  to  military  systems 
including  shipboard  applications.  Military  qualified 
fiber-optic  hardware  designed  for  shipboard  use 
provides  the  necessary  compliance  to  naval 
requirements  to  support  the  implementation  or  these 
systems  aboard  ships.  In  a  further  effort,  the  Navy  is 
also  developing  a  shipboard  fiber  optic  distribution 
system  to  provide  both  high  and  low  speed  data 
transport  for  the  various  systems  aboard  ships.  Based 
on  single-mode  fiber,  this  distribution  system  will  have 
excellent  throughput  and  latency  characteristics  with 
data  rates  in  the  upper  gigabit  ranges.  System 
survivability  and  network  integrity  is  assured  by  bypass 
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mechanisms,  distributed  switching,  and  redundant  path 
features.  It  should  be  noted  that  systems  of  this  type 
could  not  have  been  considered  without  the  application 
of  fiber  optic  technology  with  its  inherent  low  loss  and 
extremely  high  bandwidth  characteristics. 

In  ships  today,  copper  coaxial  cables  are  used 
extensively  to  connect  radar  and  other  surveillance 
systems  to  a  ship’s  main  computers  and  processors 
distributed  throughout  the  ship.  Figure  1  illustrates 
typical  system  locations  aboard  a  ship.  Most  of  the 
sensory  equipment  is  generally  interconnected  and 
clustered  in  the  superstructure  while  the  computers  and 
displays  are  located  below  decks.  This  causes  a  high 
concentration  of  copper  cable  weight  in  the 
superstructure  which  must  be  balanced  by  ballast 
below.  Since  modern  ships  no  longer  have  heavy 
boilers,  piping,  etc.  below  decks  (lighter  weight  gas 
turbines  are  the  main  propulsion  units),  the  added 
compensating  ballast  reduces  the  weight  advantage 
originally  gained  by  installing  gas  turbines.  Fiber-optic 
cable  can  drastically  reduce  the  weight  of  the 
transmission  med'i  aboard  a  ship  and  restore  some  of 
the  weight  reductions  sought.  It  is  estimated  that  a 
75%  or  higher  weight  reduction  of  transmission  media 
can  be  achieved  by  replacing  copper  cables  with  fiber¬ 
optic  cables.  Furthermore,  because  the  volume  of  the 
fiber  cables  is  less  than  their  copper  counterparts, 
usable  space  inside  a  ship  is  increased. 

Recently,  several  trials  and  shipboard  tests  of  fiber¬ 
optic  components  have  been  successfully  completed. 
These  trials  consisted  mainly  of  point  to  point  data 
links  and  embedded  system  applications.  Nevertheless, 
the  success  of  these  trials  and  experimentation,  the 
recent  ongoing  development  of  fiber-optic  shipboard 
component  specifications,  and  the  publishing  of  a  first 
draft  standard  for  a  shipboard  LAN  using  fiber-optic 
technology  (SAFENET)!2'  I3'  attest  to  the  high  level  of 
activity  surrounding  the  placement  of  fiber-optic 
components  and  systems  aboard  ships. 


In  summary,  fiber-optic  technology  can  provide  the 
means  to  achieve  weapons  platforms  with  a  high  degree 
of  survivability,  ship  systems  that  are  more  reliable, 
flexible,  and  secure,  and  a  ship  that  has  a  substantially 
increased  operational  capability.  This  paper  presents 
preliminary  information  on  a  new  fiber-optic  cable 
design  for  shipboard  applications.  The  following 
sections  describe  the  fiber,  the  cable  structure  and  some 
early  optical,  chemical,  mechanical  and  environmental 
performances  of  the  cable. 


FIBER  FOR  SHIPBOARD  APPLICATIONS 

The  62.5/125  pm  fiber  is  becoming  the  standard 
multimode  fiber  for  LAN  and  other  premises 
applications,  and  is  ideal  for  many  shipboard  system 
applications.  Early  trials  aboard  ships  used  100/140  pm 
multimode  fiber.  However,  the  present  trend  is  towards 
radiation-hardened  62.5/125  pm  graded  index 
multimode  fiber.  It  offers  the  best  combination  of  low 
loss,  low  microbending  and  macrobending  loss 
sensitivity,  good  source-to-fiber  coupling  efficiency,  and 
high  bandwidth  as  well  as  compatibility  with  existing 
connectorization  and  splicing  technologies  and 
components.  In  the  future,  as  data  transmission 
capacity  requirements  increase,  it  appears  that  single 
mode  fibers  will  find  more  applications  in  shipboard 
fiber-optic  systems. 

The  standard  62.5/125  pm  fiber  has  a  typical 
attenuation  coefficient  of  0.8  dB/km  at  1300  nm  and  a 
bandwidth  of  up  to  1000  MHz-km  at  1300  nm.  Table  I 
shows  a  relative  performance  comparison  of  three  other 
multimode  fiber  designs  with  the  62.5/125  pm  fiber. 
The  source-to-fiber  coupling  efficiency  increases  with 
core  diameter  and  refractive  index  difference.  However, 
bending  loss  sensitivity  increases  as  the  core  diameter 
increases  or  as  the  refractive  index  difference  decreases. 
Bandwidth  performance  is  inversely  related  to  the 
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Figure  1.  Typical  System  Locations  Aboard  a  Navy  ship 
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TABLE  I.  RELATIVE  PERFORMANCE  COMPARISON  OF  PREVALENT  MULTIMODE  FIBERS 


Relative 

Relative 

Relative 

Core/Cladding 

Index 

Numerical 

Source-to-Fiber 

Microbending 

Macro  bending 

Diameter 

Difference 

Aperture 

Coupling 

Loss 

Loss 

(pm) 

(%) 

NA 

(dB) 

(dB/km) 

(dB/loop) 

l.t 

.21 

-3.8 

2.5 

1.5 

1.3 

.23 

-3.2 

1.5 

1.2 

62.5/125 

2.0 

.29 

0 

1.0 

1.0 

100/140 

2.2 

.31 

3.0 

2.5 

1.5 

refractive  index  difference,  i.e.,  an  increase  in  the  index 
difference  results  in  a  decrease  in  the  bandwidth  of  the 
Tiber.  The  typical  bandwidth  of  the  62.5/125  txm  fiber 
is  700  MHz-km  at  1300  /im.  The  62.5/125  pm  Tiber  is 
well-suited  for  applications  in  a  shipboard  environment 
because  of  its  low  bending  loss  sensitivity  and  high 
bandwidth. 

In  military  applications,  particularly  shipboard  and 
tactical  applications,  the  survivability  of  a  fiber-optic 
communication  system  after  exposure  to  nuclear 
radiation  is  of  extreme  importance.  One  of  the  most 
susceptible  components  in  the  system  is  the  fiber  itself. 
Radiation  from  a  nuclear  event  causes  darkening  or 
transmittance  loss,  scintillation  effects,  dispersion,  and 
several  other  effects  in  optical  fibers.  Scintillation 
effects  from  Cerenkov  radiation  produce  noise  in  a 
fiber-optic  transmission  system  and  generally  do  not 
last  very  long.  Dispersion  effects  are  due  to  radiation- 
induced  changes  to  the  refractive  index  of  the  fiber. 
The  primary  mechanism  for  radiation-induced  loss  in 
optical  fibers  is  absorption  at  the  common  operating 
wavelengths  for  fiber-optic  transmission  systems  of  0.85, 
1.3,  and  1.5  /im.  This  absorption  is  caused  by  trapped 
carriers,  which  are  generated  by  the  ionizing  radiation, 
at  defect  sites  in  the  glass  matrix.1  ■  The  fiber 
composition,  particularly  the  type  and  concentration  of 
the  dopants,  has  a  significant  effect  on  the  radiation 
sensitivity  of  a  fiber.  It  has  been  shown  that  the 
radiation  sensitivity  is  strongly  dependent  on  the 
concentration  of  the  phosphorous  in  the  core.'5'  I®1  Many 
other  factors  govern  the  severity  of  radiation  damage  in 
an  optical  fiber  such  as  the  total  ionizing  radiation  dose, 
dose  rate,  temperature,  operating  wavelength, 
processing  conditions,  and  photobleaching  effects  due  to 
transmitted  and  ambient  light.  In  order  to  improve  the 
nuclear  radiation  survivability  of  the  62.5/125  pm  fiber, 
a  radiation-hardened  (rad-hard)  version  of  the  62.5/125 
pm  fiber  has  been  developed  and  optimized  for 
operation  at  1300  nm.  While  standard  62.5/125  pm 
fiber  has  both  germanium  and  phosphorous  in  the  core, 
the  rad-hard  62.5/125  (im  fiber  has  no  phosphorous. 
The  typical  attenuation  coefficient  of  the  rad-hard 


62.5/125  /xm  fiber  is  0.8  dB/km  at  1300  nm  and  the 
bandwidth  is  400  MHz-km  at  1300  nm.  The  low  dose 
rate,  room  temperature  sensitivities,  measured  with 
gamma  radiation  from  a  Cs137  source  at  5  rad/hr  for 
approximately  100  rads  total  dose,  of  standard  and  rad- 
haxd  62.5/125  // m  multimode  fibers  are  shown  in  Table 
llJ7'  The  high  dose  rate  sensitivities,  measured  with 
gamma  radiation  from  a  Co60  source  at  200  rad/s  for 
approximately  62,000  rads  total  dose,  at  room 
temperature  and  -55  C  are  shown  in  Tables  III  and  IV. 
The  radiation  sensitivities,  expressed  in  mdB/km/rad, 
were  determined  by  dividing  the  peak  induced  loss  by 
the  total  dose  and  do  not  imply  that  the  induced  loss  is 
linearly  related  to  the  total  dose  received  by  the  fiber; 
the  radiation  sensitivities  are  used  for  comparative 
purposes  only.  Figures  2  and  3  show  the  radiation 
responses  for  the  standard  and  rad-hard  62.5/125  pm 
fiber  at  room  temperature  and  -55  °  C.  The  rad-hard 
62.5/125  pm  fiber  is  suitable  for  shipboard  applications 
requiring  nuclear  radiation  survivability  because  of  the 
lower  induced  losses  and  enhanced  recovery  after 
exposure  to  nuclear  radiation. 


SHIPBOARD  CABLE  SPECIFICATIONS 


Currently,  there  are  two  military  specifications,  namely 
DOD-C-85045C  and  PMS-400-XYZ-1.  which  can  govern 
the  shipboard  cable  design.  The  DOD-C-85045C 
specification  is  used  at  present  for  tactical  cable 
designs.  This  specification  also  includes  requirements 
pertinent  to  shipboard  cable  designs.  However,  this 
specification  is  not  currently  being  used  for  shipboard 
cables.  PMS-40O-XYZ-1  is  the  specification  which  is 
being  used  at  present  for  shipboard  cable  designs. 
These  specifications  are  currently  being  reviewed  by  the 
U.  S.  Navy  and  a  new  specification  or  modification  to 
the  existing  specifications  may  result.  Due  to  this 
reason,  the  performance  of  the  cable  described  later  has 
been  evaluated  from  a  general  and  diverse  shipboard 
test  requirements  basis,  instead  of  evaluating  the  cable 
to  any  specific  specification. 


TABLE  II.  LOW  DOSE  RATE,  ROOM  TEMPERATURE  RADIATION  SENSITIVITIES 
(mdB/km/rad)  OF  62.5/125  pm  MULTIMODE  FIBERS 


Wavelength 

Standard 

Radiation 

(pm) 

Design 

Hardened 

0.85 

8.7 

0.98 

1.3 

3.4 

0.05 
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TABLE  III.  HIGH  DOSE  RATE,  ROOM  TEMPERATURE  RADL4TION  SENSITIVITIES 
(mdB/km/rad)  OF  62.5/125  urn  MULTIMODE  FIBERS 


Wavelength 

Standard 

Radiation 

(pm) 

Design 

Hardened 

0.85 

20.1 

2.64 

1.3 

5.7 

0.39 

1.5 

7.9 

0.30 

TABLE  IV.  HIGH  DOSE  RATE,  -55  "  C  RADIATION  SENSITIVITIES 
(mdB/km/rad)  OF  62.5/125  /im  MULTIMODE  FIBERS 


Wavelength 

Standard 

Radiation 

(pm) 

Design 

Hardened 

0.85 

18.8 

38.8 

1.3 

15.5 

5.2 

1.5 

22.! 

2.9 

62.5/125  urn  MULTIMODE  FIBER 


TIME(S) 

-  RAD-HARD 

- STD. 


Figure  2.  Optical  Fiber  Radiation  Response  at  25  *  C 


These  specifications,  in  general,  require  that  the  cables 
have  low  toxicity,  contain  low  or  no  halogen,  generate 
low  smoke  and  acid  gas,  be  flame  retardant,  operate 
under  extreme  operating  and  storage  temperature 
ranges,  withstand  stringent  mechanical  requirements 
and  very  high  water  pressure,  survive  hostile  fluids  at 
high  temperature,  and  meet  other  demanding  criteria. 
All  the  above  requirements,  individually  and  in  most 
combinations  thereof,  can  be  met  with  appropriate 
material  selection  and  cable  design  features.  Meeting 
all  of  the  requirements  simultaneously  without  any 
exceptions  may  be  very  difficult  and/or  may  result  in 


quite  expensive  cables.  For  example,  meeting  the  high 
temperature  fluid  exposure  requirement  may  call  for 
radiation  crosslinking  or  continuous  vulcanization  of 
jacketing  materials.  There  are  some  thermoplastic 
materials  available  which  will  meet  the  fluid 
requirements,  but  are  too  stiff  for  shipboard 
applications.  These  aspects  make  the  design  and 
development  of  shipboard  cables  most  difficult  and 
challenging.  Design  and  development  of  cables  for 
shipboard  applications  are  currently  underway.  In  the 
following,  such  a  preliminary  cable  design  and  test 
results  are  presented. 
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82.5/ 125  pm  MULTIMODE  FIBER 


- STD. 

Figure  3.  Optical  Fiber  Radiation  Response  at  -55  *  C 


CABLE  DESIGN 

Preliminary  development  of  a  four  fiber  shipboard  cable 
has  been  completed.  The  cable  cross-section  is 
presented  in  Figure  4,  and  an  isometric  view  is 
presented  in  Figure  5.  The  cable  uses  radiation- 
hardened  62.5/125  n m  multimode  fiber.  The  cable 
consists  of  a  central  waterblocking  yarn  with  four 
optical  fiber  cable  components  (OFCC)  stranded  over  it 
along  with  waterblocking  yarn.  The  cross-section  of  the 


OFCC  is  given  in  Figure  6.  The  OFCC  contains  a  900 
H m  polyester  elastomer  buffered  fiber,  surrounded  by 
Kevlar  yarn  and  a  low  halogen  jacket.  Over  the 
OFCC  units,  two  layers  of  Kevlar  yarn  strength 
members  are  stranded  in  opposing  lays.  These  Kevlar 
yarn  strength  members  are  treated  with  polymers  which 
are  water  swellable,  eliminating  the  need  for  separate 
waterb^ocking  members.  The  use  of  such  waterblocking 
Kevlar  yarn  also  minimizes  the  cable  size,  in  addition 
to  providing  a  uniform  waterblocking  structure.  A  low 


-  7.5  mm  - 

Figure  4.  Cross-Section  of  4-OFCC  Shipboard  Cable 
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Figure  5.  Isometric  View  of  4-OFCC  Shipboard  Cable 


Figure  6.  Cross-Section  of  Optical  Fiber  Cable  Component  (OFCC) 


308  International  Wire  &  Cable  Symposium  Proceedings  1988 


I 


halogen  outer  jacket  is  then  extruded  over  the  Kevlar 
yarn  strength  members.  The  waterblocking  features, 
the  central  member^  waterblocking  yarns  and  the 
waterblocking  Kevlar  yarn,  incorporated  in  the  cable 
design  and  the  use  of  flexible  elements  for  the  centra! 
member  ensure  that  the  cable  is  very  flexible,  compact 
and  meets  the  waterblocking  requirement  more  than 
adequately. 


CABLE  PERFORMANCE 

The  shipboard  cable  performance  evaluation  consists  of 
optical,  chemical,  environmental  and  mechanical  tests. 
Optica!  properties  of  attenuation  rate,  bandwidth  and 
numerical  aperture  along  with  numerous  other 
dimensional  and  mechanical  requirements  are  checked 
at  the  fiber  stage,  and  fibers  which  meet  all  the 
specifications  are  then  used  for  cabling.  Fibers  used 
were  proof  tested  to  690  MPa.  The  mean  attenuations 
of  the  finished  cable  at  850  nm  and  1300  nm  were  4.3 
dD/km  and  1.4  dB/km,  respectively. 

The  chemical  tests  consist  of  acid  gas  generation, 
halogen  content,  toxicity  index,  and  fire  and  smoke 
properties.  The  results  of  these  tests  .md  the 
requirements  are  presented  in  Table  V'.  The  finished 
cable  meets  the  acid  gas  generation,  halogen  content, 
and  toxicity  index  requirements  with  good  margin.  The 
halogen  content  results  correspond  to  the  total  of  the 
four  halogens,  namely  fluorine,  chlorine,  bromine  and 
iodine. 

The  cable  passes  the  required  IEEE-383  flame  test.  In 
addition,  the  cable  was  also  evaluated  for  flame 
propagation  and  smoke  generation  using  the  1.1,-910 
test.  Note  that  the  shipboard  cable  is  not  required  to 
meet  this  stringent  plenum  cable  test.  However,  the 
employment  of  this  test  is  being  considered  with  the 
following  partial  modification  to  the  requirement.  The 


cable  is  required  to  meet  the  standard  UL-910  smoke 
requirements  of  0.15  and  0.5  average  and  maximum 
optical  density  values,  respectively.  With  respect  to 
flame  propagation,  the  modified  requirement  under 
consideration  is  that  the  flame  travel  time  product 
value  for  the  cable  for  the  first  ten  minutes  of  the  test 
using  the  ASTM-E-84  procedure  should  not  be  greater 
than  27.5  m-min.  The  finished  cable  also  meets  the 
above  requirements  under  consideration.  The  standard 
flame  propagation  requirement  is  that  it  should  not  be 
greater  than  1.5  m  within  the  test  duration  of  20 
minutes.  For  the  4-fiber  shipboard  cable,  the  flame 
traveled  the  5.9  m  full  test  length  of  the  tunnel  in  10  to 
15  minutes  of  the  test. 

Three  of  the  most  important  environmental  tests  are 
temperature  cycling  at  ambient  and  high  humidities, 
and  accelerated  aging.  For  shipboard  cable  evaluation, 
the  temperature  cycling  at  ambient  and  high  humidities 
have  been  combined  to  a  temperature-humidity 
(95%RH  above  20  “C  and  uncontrolled  below  20  °C) 
cycling  as  shown  in  Figure  7.  The  first  three  cycles 
correspond  to  the  required  temperature  range  of  -28  °  C 
to  65  °C.  In  the  next  two  cycles,  the  cables  were 
evaluated  for  an  extended  cold  temperature  of  -55  °  C. 
The  result  of  the  temperature-humidity  cycling 
performance  of  the  cable  is  given  in  Figure  8.  In  the 
accelerated  aging  test,  the  cables  were  subjected  to  a 
constant  temperature  of  100  “C  for  240  hours.  The 
result  of  the  accelerated  aging  performance  of  the  cable 
is  given  in  Figure  9.  The  cable  meets  and  surpasses  the 
requirements  for  these  environmental  tests  shewing 
excellent  performance. 

The  cables  were  then  subjected  to  a  battery  of  other 
mechanical  and  environmental  tests.  The  results  of 
these  tests  along  with  the  specified  requirements  are 
given  in  Table  VI.  The  cable's  mechanical  and 
environmental  performance  exceeds  that  of  the 
specification  requirements  in  terms  of  test  loading. 


TABLE  V.  CHEMICAL  AND  FIRE  PROPERTIES  OF  SHIPBOARD  CABLE 


Test 

Requirement 

Cable  Performance 

Acid  Gas  Generation 

<2.0% 

=0.19% 

Halogen  Content 

<0.2% 

=0.04% 

Toxicity  Index 

NES  713 
<5.0 

. 

=3.02 

Flame  Propagation 
and  Smoke  Generation 

IEEE-383,  Flame 
Spread  <  2.4  m 

Maximum  Flame 

Spread  =  1 .3  m 

UL-910 

Average  Optical 
Density  <  0.15 
Maximum  Optical 
Density  <  0.5 

Flame  Spread  Time 
Product  for  First 

10  Minutes  <  27.5  m.min 

Average  Optical 

Density  =  0.11 

Maximum  Optical 

Density  =  0.5 

Flame  Spread  Time 
Product  for  First 

10  Minutes  =  12.8  m.min. 
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Figure  7.  Temperature-Humidity  Cycle  for  Shipboard  Cable 


1.0 


0.5 


850  rim 


REQUIREMENT 


1 300  nm 


0.5 


REQUIREMENT 


-0.5 


25  25  65  25  -30  25 
CYCLE  1  , 


t- 


65  25  -30 
CYCLE  2 


25 


65  25  -30 
CYCLE  3 


25 


65  25-55 
CYCLE  4 


25 


65  25  -55  25°  C 
CYCLE  5 


■H 


Figure  8.  Temperature-Humidity  Cycling  Test  Result  for  Shipboard  Cable 


I 


f 


310  International  Wire  &  Cable  Symposium  Proceedings  1988 


TABLE  VI.  MECHANICAL  AND  ENVIRONMENTAL  PROPERTIES 
OF  SHIPBOARD  CABLE 


Test 

Requirement 

Cable  Performance 

-  —  ~  ~ 

Tensiie  Loading 

ElA-455-33 

150  m  Length 

>  1875  N  @  0.67%  Strain 

A*  <  0.5  dB 

AT&T  Bell  Laboratories 

1.8  m  (Short  Length) 

=  1920  N  @  0.67%  Strain 

A  =  0.08  dB 

Cyclic  Flexing 

EIA-455-104,  4.5  kg,  8x** 

500  Cycles 

A  <  0.5  dB 

10.0  kg 

2000  Cycles 

A  =  0.05  dB 

Torsion 

EIA-455-63,  10  Cycles 

A  <  0.5  dB 

30  Cycles 

A  =  0.03  dB 

Cold  Bend 

EIA-455-65,  8x**,  -28  *  C,  3  Turns 

A  <  0.5  dB  for  OFCC 

No  A  Requirement  for  Cable 

A  =  0.03  dB  for  OFCC 

A  =  0.29  dB  for  Cable 

Twist  Bend 

EIA-455-91,  4.5  kg,  8x** 

500  Cycles 

A  <  0.5  dB 

10.0  kg 

2000  Cycles 

A  =  0.10  dB 

Crush 

EIA-455-41,  >  1500  N 

A  <  0.5  dB 

A  =  0.04  dB 

Impact 

EIA-455-25,  1.0  kg,  100  Cycles 

A  <  0.5  dB 

2.0  kg 

A  =  0.04  dB 

Corner  Bend 

5x**,  >  375  N 

A  <  0.5  dB 

A  =  0.03  dB 

Dripping 

FED-STD-228,  150  "C,  6  hrs 

No  Drip 

No  Drip 

Waterblocking 

0.175  MPa,  6hrs 

Leakage  <  33  ml 

Leakage  =  18  ml 

Jacket  Material 

Tensile  Strength 
and  Elongation 

FED-STD-228 
>  900  N/cm2 
<  180% 

=  1134  N/cm2 
=  142% 

Cable  Shrinkage 

150  °C,  6  hrs 
<  0.63  cm 

=  0.13  cm 

Gas  F'lame 

EIA-455-99 

A  <  0.5  dB 

A  =  0.14  dB 

Salt  Spray 

EIA-455-16,  35  "C,  96  hrs 

No  Damage 

No  Damage 

Jacket  Self-Adhesion 

EIA-455-84,  71  °C,  48  hrs 

No  Adhesion 

No  Adhesion 

*  A  -  Increase  in  Attenuation 

**  Mandrel  diameter  to  cable  outer  diameter  ratio 
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Figure  0.  Accelerated  Aging  Test  Result  for  Shipboard  Cable 


number  of  cycles,  and/or  attenuation  change.  During 
these  tests,  two  of  the  fibers  were  monitored  at  850  nm 
wavelength,  and  the  other  two  fibers  at  1300  nm.  The 
increase  in  attenuation  (A)  reported  in  Table  VI 
corresponds  to  the  maximum  of  the  four  fiber  values. 


CONCLUSIONS 

The  preliminary  design,  development,  and  performance 
evaluation  of  fiber-optic  cable  for  shipboard  systems 
were  presented.  The  cable  either  meets  or  surpasses  the 
requirements  in  the  tests  conducted  thus  far.  Further 
evaluation  of  the  cable  against  the  remaining  PMS-100- 
XYZ-1  and  other  specification  requirements  are 
underway  and  a  complete  evaluation  will  be  presented 
in  the  future. 
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Fig. 2  Bending  Characteristics 


3.  Cable  Design 

3.1  Submarine  Optical  Fiber  Cable 

The  1.55  urn  submarine  optical  fiber  cable 
structure  is  shown  in  Fig. 3.  This  structure  is  the 
same  as  that  for  the  1.3  «m  submarine  optical 
fiber  cable.  Double-layer  pressure-resistant  pipes 
are  used  to  protect  optical  fibers  at  8,000 
meters  below  sea  level.  The  pipes  are  made  of 
aluminum  to  reduce  cable  weight.  This  results  in 
lower  tensile  strength  when  the  cable  is  lifted 
from  the  sea  bottom.  The  space  between  the  pipes 
and  the  fiber  is  filled  with  a  special  compound 
to  prevent  water  infiltration. 

3.2  Terrestrial  Optical  Fiber  Cable 

The  1.55  nm  terrestrial  optical  fiber  cable 
structure  consists  of  four  optical  fiber  ribbons 
accommodated  in  slotted  rods. This  structure 
results  in  lower  cable  cost  and  improved  space 
efficiency  (Fig. 4).  Cable  diameter  and  cable 
weight  are  14  mm  and  is  200  kg/km  respectively. 

This  structure  is  also  the  same  as  the  1.3 
urn  single-mode  optical  fiber  cables,  which 
enables  the  use  of  conventional  transmission  route 
construction  techniques,  including  installation 
equipment  and  splicing  closures. 


4.  Commercial  Test  Outline 


4.1  Commercial  Test  Routes 

The  1.55  ii«  dispersion-sifted  optical  fiber 
cable  have  been  introduced  in  three  sections  in 
Japan  (Fig. 5).  These  routes  are  Hiroshima  to 
Matsuyama(69  Km),  Matsuyama  to  0ita(120  Km),  and 
Nagasaki  to  Fukue(108  Km).  As  can  be  seen  from  the 
map,  all  three  routes  include  a  submarine  section, 
which  as  summarised  in  Fig. 5,  are  30  Km,  111  Km, 
and  93Km,  respect i very .  There  are  12  optical 
fibers  per  cable  for  the  Hiroshima  to  Matsuyama 
and  Matsuyama  to  Oita  routes,  and  8  optical  fibers 
for  the  Nagasaki  to  Fukue  route. 


Route 

Route  length 
(Submarine  Portion) 

System 

HiroshinB- 

kfetsuyama 

69kro  (  30km) 

F-400M 

Matsuyama- 

Oita 

120km  (111km) 

F-400M 

Nagasaki  - 
Fi>;ue 

108km  (  93km) 

F-10CM 

Fig. 3 


Submarine  Optical  Fiber  Cable 


Fig. 5  Commercial  Test  Routes 
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In  the  factory,  1.55  mi  dispersion-shifted 
optical  fibers  are  spliced  together  to  withstand 
the  high-strain  proof  test  and  a  47  km  maximum 
piece  length  is  achieved. 

4.2  Trasnsmission  System 

Maximum  repeater  spacing  for  the  F-400M 
transmision  system  is  120  km.13’  This  is  three 
times  long  than  that  for  the  conventional  system 
using  1.3  Mm  fibers.  Moreover,  as  traffic 
increases,  it  will  be  possible  to  switch  over  to 
the  F-1.6G  system,  which  has  a  23,040  telephone 
channel  capacity,  '*  1  simply  by  replacing  the 
transmission  equipment  in  telephone  offices. 

The  system  employs  a  1.55  u  m  OFB 
(Distributed  Feedback)  laser  diode  for  the  optical 
source  and  a  InGaAsP-APD  for  the  detector. 


5.  Commercial  Test  Results 

5.1  Optical  fiber  Cable 

(1)  Optical  Loss  Characteristics 

The  commercially  introduced  (Matsuyama-Oi ta) 
1.55m  m  dispersion-shifted  optical  fiber  cables 
show  excellent  optical  loss  characteristics,  as 
indicated  in  Fig. 6.  Average  loss  is  0.22  dB/km. 

(2)  Oispersion  Characteristics 

Dispersion  Characteristics  for  the  1.55  Mm 
dispersion-shifted  optical  fiber  in  cable  are 
shown  in  Fig. 7.  Maximum  dispersion  coefficients  at 
1.53  urn  and  1.57  urn  are  3.24  ps/km/nm  and 
3.50  ps/km/nm,  respectively.  These  values  are 
almost  equal  to  the  characteristics  for 
conventional  single-mode  optical  fiber  in  the  1.3 
Mm  wavelength  region. 

5.2  Section  Characteristics 

Optical  characteristics  of  the  Matsuyama-Oi  ta 
for  the  1.55  Mm  dispersion-sifted  optical  fiber 
cable  after  burying  are  as  follows. 

(1)  Optical  Loss  Characteristics 

Overall  length  for  the  Matsuyama-Oi ta  route 
is  120  Km  of  which  9  Km  is  overland.  The  average 
piece  length  of  the  terrestrial  section  is  about 
2  Km.  The  optical  loss  is  shown  in  Fig. 8.  Average 
loss  is  0.225  dB/Km  which  represents  optimum 
optical  loss  Characteristics. 


(2)  Dispersion  Characteristics 

Average  dispersion  coefficients  at  1.53m  m 
and  1.57m  m  are  -1.38  ps/km/nm  and  1.21  ps/km/nm, 
respectively.  On  the  other  hand  maximum  dispersion 
coefficients  are  -1.86  ps/km/nm  and  1.51  ps/km/nm. 
These  are  shown  in  Fig. 9. 


0.18  0.20  0.22  0.24  0.26  0.28 

Optical  Loss  (dB/km) 

Fig. 6  Histogram  of  Optical  Loss 
(Optical  Fiber  Cable) 


-3.0  -2.0  -1.0  0  1 

Chromatic  Dispersion  at  1.53m  m 
(ps/km/nm) 


-1.0  0  1.0  2.0  3.0 

Chromatic  Dispersion  at  1.57m  m 
(ps/km/nm) 


Fig. 7  Histogram  of  Chromatic  Dispersion 
(Optical  Fiber  Cable) 
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Optical  Loss  (dB/km) 


Fig. 8  Histogram  of  Optical  Loss 
(Section  Characteristics) 


(ps/km/nm ) 


Chromatic  Dispersion  at  1.57  urn 
(ps/km/nm) 

Fig. 9  Histogram  of  Chromatic  Dispersion 
(Section  Characteristics) 

5.3  Splicing 

NTT  uses  a  direct  core-alignment  method  for 
conventional  single-mode  optical  fiber.  The  same 
method  was  also  applied  in  the  commercial  tests  on 
the  1.55  «m  dispersion-shifted  optical  fiber. 

The  nominal  mode  field  diameter  for  1.3  «m 
single-mode  optical  fiber  is  10  urn,  while  that 
for  1.55  u  m  dispersion-shifted  optical  fiber  is 
8  urn. 


In  principle,  the  same  misalignment  should 
cause  1.6  times  greater  loss  in  1.55  urn 
dispersion-shifted  optical  fiber  than  in 
conventional  optical  fiber. 

Figure  10  shows  splicing  loss  characteristics 
for  1.55  urn  dispersion-shifted  optical  fiber. 
Average  splicing  loss  is  0.09  dB  which  is  almost 
the  same  as  the  splicing  loss  for  1.3  Aim 
single-mode  optical  fiber.  It  was  also  clarified 
that  there  is  no  significant  loss  increase  due  to 
core-end  misalignment. 

In  addition,  a  mass-fusion  splicing  machine 
was  used,  which  was  developed  for  conventional 
single-mode  optical  fiber.  The  mass-fusion 
splicing  loss  characteristics  for  1.55  urn 
dispersion-shifted  optical  fiber  is  shown  in 
fig. 11.  Average  splicing  loss  is  0.10  dB.  These 
values  are  almost  equal  to  the  caracteristics  for 
conventional  fiber.  This  machine  drastically 
reduces  the  number  of  splicing  operations  and 
makes  full  use  of  the  advantages  of  ribbon  optical 
fiber. 


Fig. 11  Histogram  of  Splice  Loss 

(Mass-fusion  Splicing  Machine) 
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(dB/km) 


5.4.  Submarine  Optical  Fiber  Cable  Laying 
Technology 

In  shallow  sea  areas,  submarine  cables  must 
be  buried  in  the  sea  bed  to  prevent  damage  from 
fishing  gear  or  from  ship  anchors.  In  cuventional 
submarine  optical  fiber  cable  laying  technology 
in  NTT,  armored-cable  is  buried  with  the  Mark IV 
(P-4)  submarine  cable  burying  plow,  which  can 
withstand  a  strong  side  force  while  the  cable  is 
being  buried. 

In  the  commercial  introduction  of  1.55  m 
dispersion-shifted  optical  fiber  submarine  cable, 
non-armored  cables  are  buried  without  significant 
loss  increases  (Fig. 12)  .  The  maximum  burying 
depth  is  130  cm. 


Fig. 12  Loss  Change 
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6.  Conclusion 

This  paper  has  described  NTT's  1.55  urn 
dispersion-shifted  optical  fiber  cable 
technologies,  and  has  provided  the  first 
commercial  test  resultus  for  this  cable. 
Introduction  of  these  technologies  in  large- 
capacity,  longhaul  transmission  systems  will  at 
least  double  the  repeater  spacing,  reduse  total 
cost  and  improve  reliability  for  the  systems. 
1.55  urn  dispersion-shifted  optical  fiber  cable 
technologies  will  greatly  advance  optical 
transmission  systems. 
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LONG  I.HNGTH  OPTICAL  IMIII-K  COMPOS  I  Tl-  I’OWI-R  SUHMAKlNIi  CAIIl.l- 
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AbsUrd. 

i ,  o  n  p.  length  lift,  teal  I  iher  compos  i  i  e  power 
submarine  f  a h I <  has  been  developed. 

Hie  k  ('  y  I  actor  was  the  drive  lopment  of  the  mint 
not  hod  of  the  fihe.r  unit  in  the  eahl  nip,  process  of 
the  composite  entile. 

Ihis  novel  method,  which  we  call  factory  joint, 
enabled  the  production  of  J]km  long  composite 
submarine  cable. 

Various  mechanical  tests  were  conducted  on  the 
factory  joint  and  the  cable  and  high  reliability 
was  confirmed. 

I  his  cable  will  he  installed  this  fall. 


I  ntroducl ion 

Optical  fiber  has  superior  characteristics  such 
as  immunity  from  electro  magnetic  induction,  wide 
hand  width  and  long  repeater  spai  ing. 

Optical  f  i  ho  r  composite  power  cables  have  been 
developed  because  of  the  advantages  of  the  fiber 
as  me.  ntioned  above  and  the  reduction  of 
manul actur i ng  and  installation  cost  by  integrating 
two  types  of  cables. 

Many  of  such  cables  have,  been  actually  used  as 
terrestrial  cables.  (hey  are  short  in  length, 
however,  hecause  of  the  transportation  and 
insta I lat ion  I imi tat  ions. 

For  the  submarine  cable  application,  where 
manufacturing  and  installation  cost  is  high,  the 
merit,  of  the  integration  is  even  greater. 


[ r anspor la 1 1 on  and  installation  no  longci  limits 
the  cable  length  because  of  the  usage  of  ship. 

I  he  production  ol  the.  composite  cable  is  quite 
diffnult  because  ol  t  lie  complex  manul  act  nr  i  ng 
processes,  large  diamelci.  and  heavy  weight.  I  bus 
the  maximum  cable  length  was  limited  to  a  lew 
k  i  lometer. 

He  have  developed  a  method  of  making  a 
s  t  r  a  nd  a  h  I  e  optical  I  i  h  e i  unit  i  o  i  n I  in  the 
factory.  Ibis  method  is  i  ailed  F.  .1  m  Fat  lory 
Joint  method  and  enabled  us  to  make  a  long  length 
optical  fiber  composite  power  submarine  cable. 

He  have  produced  about  If  1  km  long  composite  cable 
for  Turkish  Electricity  Authority. 

I  hi'  characteristics  and  manufacturing  results  of 
F.  .)  are  ment  loned  below. 

Requ  i  rcmrnl.s 

Manufacturing  and  installation  techniques  lor 
terrestrial  composite  cables  have  been  well 
os t a  1 1 i shed  alter  much  ex pe r i e uce.  Here  are 
mentioned  the  special  i  equ  i  r  emeri  I  s  for  lomposile 
submar  me  cables. 

The  submarine  cables  are  steel  armored  to 
withstand  the  large  installation  tension  and  In 
avoid  damage  by  ship's  anchors.  Thus  optical  unit 
must  withstand  the  lateral  force  given  by  ilie 
steel  wires  during  the  armoring  process. 

The  cable  must  he  chemically  stable  against 
salt  water  and  must  withstand  I  lie  water  pressure 
of  max.  100  meter  deep. 

The  cable  must  withstand  the  tensile  force 
during  pulling  up  the  cable  for  remedy  in  case  ol 
accident. 
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The  long  composite  cable  can  no  longer  he  hound 
on  a  drum  and  it  must  be  toiled.  In  the  toiling 
operation,  the  cable  is  twisted  once  every  turn. 
The  characteristics  of  fiber  must  remain 
unchanged  during  the  coiling  operation. 

Another  important  requirement  for  liber  unit  f. 
J  is  that  it  tan  be  stranded  in  the  same  position 
as  the  unit  itself. 


liable  Construct  ion 

The  fiber  unit  is  placed  iri  the  gap  of  three 
power  cable  core  strand  in  order  to  protect  it 
from  external  force  and  to  minimize  the  cable 
diameter.  The  constructions  of  fibei  unit, 
composite  cable  and  F.  .1  of  fiber  unit  are 
d t scribed  below. 

1.  Fiber  l.nit. 

The  structure  of'  eight  fitter  unit  was  determined 
from  our  past  experiences  with  composite  cables. 

Single  mode  fibers  made  by  fully  synthesized  V M) 
method  were  used  because  of  their  high  resistance 
against  hydrogen  attack  and  good  mechanical 
strength. 

The  Construction  and  Properties  of  optical  fiber 
is  I  isted  in  Table  1. 

The  fibers  are  protected  in  I1.  F.  Slotted  (.ore 
from  direct  application  of  outer  force  and  uneven 
pressure.  In  order  to  minimize  the  hydrogen 
generation,  copper  plated  steel  tension  member 
and  laminated  copper  tape  were  used. 

The  cable  is  icily  filled  to  prevent  water 
penetration.  The  reliability  is  enhanced  tty  lead 
sheath  and  perfect  water-proof  char aclei  isl  n.  was 
achieved.  The  cross  section  of  fiber  unit  is 
shown  in  Fig.  1. 


Table  1  Construction  and  properties  of 
optical  fiber  unit 


I 

t  e  m 

Spec i f icat ion 

Core 

Material 

Doped  silica 

Diameter 

Norn.  9/im 

Cladding 

Material 

Silica 

Diameter 

125  ~  3/xm 

Pr  unary 

Material 

LV  curable  resin 

coating 

Diameter 

Approx.  0.  4 mm 

Secondary 

Material 

\>  Ion 

coating 

Diameter 

0.  9  -  0.  1mm 

Concentricity  error 

Max.  1/im 

Cladding  non-circularity 

2  %  or  less 

Mode  f  le Id 

diameter 

10  ±  lAtm 

Dispersion 

Less  than  3.  5ps/nm/km 

at  1285  ~  1 330nm 

Attenuat ion 

Max.  0.  55dB/km  at  1300nm 

COPPER  CLAD  STEEL  WIRE 
PLASTIC  SPACER 
JELLY  FILLING 


OPTICAL  FIBER  (SINGLE  MODE) 
BINDER  TAPE 


Cu-PE  LAMINATED  SHEATH 
'LEAD  ALLOY  SHEATH 
Fig,  1  Cross  Sectional  View  of  Optical  Fiber  Unit 


2.  Composite  Cable 

Ihree  cores  of  34.  bkV  XI. PF  insulated  lead  sheath 
power  cable  and  fiber  unit  were  stranded  and 
protected  by  a  single  layer  of  fimm  steel  wire 
armour. 

The  0.1).  is  110mm  and  the  weilhl  is  BOl.on/km. 

The  cross  section  of  the  composite  (.able  is  shown 

in  F i g.  2. 
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, OPTICAL  FIBER  UNIT 


STRANDED  COPPER  CONDUCTOR 
WITH  WATERTIGHT  S.C.  COMPOUND 

S.C.  CONDUCTOR  SCREEN 
XLPE  INSULATION 
S.C.  INSULATION  SCREEN 
WATERTIGHT  S.C.  COMPOUND 
LEAD  ALLOY  SHEATH 
ANTI. CORROSIVE  TAPE 
P.P.  YARN  FILLER 
BINDER  TAPE 

COPPER  TAPE  (TEREDO  PROTECTION) 
P.P.  YARN  BEDDING 
GALVANIZED  STEEL  WIRE 
P.P.  YARN  SERVING 


Note  S.C.  :  Semi -conducting 


Character  ist  ics 


1.  F.  .1  of  I  i  her  on  1 1 

Various  tests  wore  t ontim  tort  on  F..I  und  the 
results  are  listed  in  lahle  2.  I  lie  test 
conditions  are  determined  considering  the  various 
forces  which  could  he  applied  to  I  he  joint  during 
manufacturing  and  installation.  \o  loss  increase 
was  observed. 


Fig.  2  Cross  Sectional  View  of  Composite  Cable 

3.  F.  J  of  f  I  her  un  1 1 

The.  factory  toint  (F.  .)>  of  fiber  unit  must  tie 
also  placed  in  the  gap  of  three  power  cable  tores. 

Thus  the  following  conditions  must  he  sal isl led 
by  the  joint, 

1)  Diameter  almost  as  small  as  the  unit  itsell 
to  allow  stranding. 

2)  Structure  allowing  re  splice  in  case  of  splice 
fa  i  lure. 

3)  Good  water  proof  characteristic. 

4)  Good  flexibility 

5)  Good  mechanical  characteristic  for  cabling  and 
instal  lal  ion. 

The  construction  of  F.  .1  is  Shown  in  Fig.  3. 

The  joint,  is  protected  against  lateral  force  and 
water  pressure  by  a  flexihel  protective  tube 
around  it.  The  lead  tube  is  applied  on  I  he 
protective  tube  to  prevent  water  penetration.  I  lie 
F.  J  is  also  |  e  II  \  filled  to  achieve  the 
continuity  of  unit  strin  lure  and  to  avoid  water 
run  at  the  t  ime  of  accident. 


Table  2  Characteristics  of  Factory  Joint 


I  tem 

Test  mg  cond  1 1  ion 

Result 

Hear  cycle 

Temperature  range  : 

Vo  loss  increase 

test 

-30  -  60t 

after  test 

Lateral  force 

Compression  length  :  50mm 

Vo  loss  increase 

test 

compression  load  :  JOi'lkf 

No  deformat i on 

Bending  d  1a.  :  2m 

No  loss  tn:reast- 

Bending  test 

Bend i g  angle  :  '  I  JO* 

after  test 

Bending  time:  5  t  imes 

Vo  deformat i on 

Sample  length  :  18m 

Uist  test 

-  Optical  f  i tier  unit  including  , 

' Factory  Joint 

Nisi  angle  :  360" 

Vo  loss  increase 

after  test 

Tensile  test 

Tens  i  le  strength  :  IliOkg 

Vo  loss  increase 

after  test 

Tens i le  bending 

test 

Bending  dia.  :  3m 

Tensile  strength  :  18kg 

3  t imes  repeat 

Vo  loss  increase 

after  t»-st 

Vo  deformat i or 

fcater  pressure 

Pressure  :  20atm 

Vo  loss  increase 

test 

time  :  2 fceeks 

Vo  'ie  for  mat  inn 

Lead  sheath  P.E.  sheath  of  Fiber  support  Excess  length  fiber  holder 

/Ke-inforcement/  fiber  unit  /  Tension  member  Flexible  protective  tube 


Fig.  3  Schematic.  Diagram  of  Factory  Joint 
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2.  Composite  Cable 

The  composite  sntimarine  cable  with  T.  .1  of  fiber 
unit  was  coiled  and  then  tested  under  I  he 
condition  simulating  installation.  I  he.  results 
are  shown  in  fable  I).  \o  loss  increase  was 
observed.  M’ter  these  tests,  T..I  was  observed 
very  carefully.  \o  visible  damage  was  given  to 
the  appearance  and  fibers  inside  F.  .1. 


from  these  tests  of  F.  ,1  itself  and  composite 
cable  with  (•.,),  we  observed  that  they  possess 
sufficient,  characteiist  ics  to  he  used  in  the 
f  i  e  I  d. 

I'ableif  Characteristics  of  composite  cable 
including  Factory  Joint 


I'rm. ess 

I  itirr 

I  i  her  mi  1 1 

composite  (.able  stranding 
steel  armouring  (including  I'.. I) 
loading  on  the  ship  Urn. furling  l\  .It 


Fig.  1  loss  Change  during  Mantr  actur  ing 


M.i n ut  ,n.i  ur  i  ng 

based  oil  the  icsults  above,  we  ma  nil  I  a  i  I  ill  id  a 
long  composite  (able  to  be  ailuallv  installed. 

■\  1  I  the  piocesses  I  r  om  the  piodmtion  ot  libei. 
fiber  unit,  and  power  ialile  core,  stranding, 
steel  wire  armoiiiing  to  the  filial  loading  to  t  lie 
ship  were  done  within  I  he  same  site. 

F.  .1  of  l  iliei  unit  was  made  lielween  the  stranding 
and  steel  aimoniing  processes. 

Foi  F.  .1.  a  simple  i  lean  loom  was  set  up  in  which 
all  the  process  I  r  om  fusion  spine  ol  the  liliei 
to  I  he  i  omp  I  el  i  on  ol  F.  .1  was  done. 

I  he  i  liailge  of  a  I  t  oliua  I  i  on  a  I  evoiv  pi  in. ess  is 
shown  in  Fig.  f.  I  h  i  ,i  t  tiiiiii.it  ion  nn  linle.s  the 
splice  loss  at  lei  steel  aimoui  pi  in  ess.  \o  loss 
nn  lease  was  oliseived  dining  lire  mauiil  .o  I  ill  i  ng 
piocess.  I  he  I  us  ion  spine  loss  -it  F .  J  was 
aw  i  age  ol  0.  07  if  If  and  il  did  not  >  liailge  up  In  I  lie 
I  oad  l  ng  ol  the  .  abl  <■  mi  I  lie  sh  i  p. 


(aim.  I  us  i  on 

he  have  tested  and  demonstrated  that  F.  .1  and  tin 
composite  cable  with  F..I  possess  sufficient 
characteristics  I'm  the  ptaclical  use.  lire 
development  of  .1.  F  enabled  us  to  make  long  length 
optical  f  i  bn  r  composite  power  siibmai  me  cable  and 
we  have  ai  tuallv  made  a  dlkm  i.umposite  cable  foi 
pi  act  lea  I  use. 
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DEVELOPMENT  OF  OPTICAL  FIBER/POWER  COMPOSITE  TETHER  CABLE  FOR  DEEP  SEA  UNMANNED  VEHICLES 


Y.SHINGO,  T.KAMIJYO,  K.KANEKO,  Y.URABE,  A.MOGI,  M.NARUSE 


FUJ1KURA  Ltd. 
TOKYO. JAPAN 


Summary 

Scientific  and  technical  interest  in  deep  seabed  to  survey 
oceanic  resources  have  been  rising.  Japan  Marine  Science 
and  Technology  Center  (JAMSTEC)  has  been  developing  many 
kinds  of  seabed  survey  systems  for  that  purpose. 

Shinkai  2000,  a  manned  deep  submergence  vehicle  that  can 
dive  to  a  depth  of  2000m,  has  been  in  operation  to  bring 
valuable  information  to  us  from  the  seabed. 

The  Dolphin  3K  system,  a  net#  unmanned  deep  submergence 
vehicle  capable  of  diving  to  a  depth  of  3300m  mas  developed 
to  survey  the  seabed  where  it  is  too  dangerous  for  manned 
deep  submergence  vehicles  to  approach,  and  where  the  depth 
exceeds  2000m,  the  maximum  capability  of  Shinkai  2000. 

A  5000m  long  optical  fiber/power  composite  tether  cable  is 
used  for  electric  power  and  signal  transmission  for  control 
the  vehicle.  It  comprises  a  compact,  optical  fiber/power 
composite,  underwater  connector  and  a  compact  mechanical 
cable  termination  for  the  Dolphin  3K  system. 

This  tether  cable  system  is  required  to  be  highly  reliable 
under  a  water  pressure  of  up  to  376kg /cm* ,  side-uiall 
pressure  of  2tons/m,  and  high  tensile  strength  of  16.5tons 
and  have  high  bending  endurance  properties. 

The  cable  system  is  installed  in  Dolphin  3K,  supported  by 
a  mother  ship,  and  sea  trials  to  a  depth  of  3400m  have  been 
satisfactorily  conducted. 


1.  Introduction 

Interest  in  deep  seabed  to  surveys  of  oceanic  resources 
has  been  rising  in  Japan,  a  resource  less  country  surrounded 
by  the  sea . 

Objects  of  such  surveys  include  hydro  thermal  deposits, 
manganese  nodules  at  depths  from  l 000m  to  6000m,  and  seabed 
research  to  predict  earthquakes,  as  well  as  surveys  of 
fishery  resources  on  continental  shelves.  Interest  is 
centered  not  only  on  resources,  but  also  on  technical  and 
scientific  aspects. 

Interest  m  Japan  declined  in  the  1960s  because  of 
insufficient,  technical  support  and  social  demand. 

But  interest  re-emerged  with  the  appear «nee  arid 
availability  of  new  techniques  of  optical  fibers  providing 
light  weight,  small  diameter,  low  transmission  loss,  and  no 
interference  from  electric  fields  and  for  aramid  fibers  for 
tension  members  providing  light  weight  and  high  tensile 
strength.  A  highly  reliable  tether  cable  is  needed,  capable 
of  supplying  electric  power  to  drive  the  vehicle,  and 
sending  a  large  quantity  of  signals  from  high  resolution 
colour  TVs  and  other  instruments  mounted  on  the  vehicle  to 


survey  the  condition  of  the  seabed. 

It  is  difficult  to  develop  a  long  tether  cable  of  5000m  if 
it  is  designed  by  conventional  cable  techniques  such  as 
those  applied  for  some  coaxial  transmission  cables,  and 
some  high  tension  steel  wires  for  tension  members. 

Shinkai  2000  ,  a  manned  deep  submergence  vehicle  capable 
of  diving  to  a  depth  of  2000m  was  developed  by  JAMSTEC  for 
surveying  oceanic  resources,  structures  for  marine  use  and 
for  oceanography  and  geophysics  research.  The  system  is  nom 
in  use.  In  order  to  conduct  surveys  and  perform  research 
safely  and  effectively  using  it,  the  Dolphin  3K  system  was 
developed  for  the  following  purposes* 

Presurvey  before  the  Shinkai  2000  dives. 

Surveys  of  seabeds  with  complicated  topography  thai  are 
dangerous  for  the  Shinkai  2000  to  perform, 

°escuing  the  Shinkai  2000  in  an  emergency. 

The  development  of  this  system  started  in  1983  and 
delivery  was  made  in  1987.  The  vehicle  and  control 
equipment  of  the  system  were  developed  and  constructed  by 
Mitui  Engineering  and  Shipbuildings  Co,  Ltd.lMESl. 

Sea  trials  started  since  Feburary  1987  were  conducted 
sat isfactor i ly .  Details  of  the  development  results  are 
given  in  this  report. 

2.  Construction  and  Requirements  of  the  Dolphin  3K  System 

2,1  Abstract  on  Dolphin  3K  System 

Fig.l  shows  the  composition  of  the  Dolphin  3K  system. 

The  system,  a  direct-shot  type  system,  consists  of  a 
control  station,  vehicle,  tether  cable,  winch,  tensioner 
and  acoustic  navigation  equipment. 

The  abstract  of  the  system  is  as  follows.* 


Dimensions  (m)  l 

Weight  (kg)  : 

Max  .Operat ion  Depth(m): 
Speed  (knot)  : 

Th» us  ters  t 

Na v  i  ga  t 1  on  equ  i  pmon  t. 


fnstrumen  tat  ion 


3  (L)  *  2  (W)  x  2  (HI 

3700  (in  air)  and  -10  (in  water) 

3300 

3  (forward),  2  (reverse), 

1  (up  and  oowii. 

Electro-hydraulic  sei vo  motor 

sonars,  gyrocompass 

dept home ter ,  veloc i meter 

altitude  sensor,  etc. 

High-resolution  color  T.V,  etc. 

Manipulator 

Grabber  and  cutter 


Two  mother  ships  are  available  to  support  this  system. 
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Fig.1  Dolphin  3K  System 


2 >2  Requirement  for  Tether  Cable 


As  shown  in  Fig.l,  the  vehicle  is  suspended  by  a  tether 
cable  through  many  sheaves  from  a  cable  winch  on  the 
supporting  mother  ship. 

High  tension  and  high  side  wall  pressure  is  applied 
repeatedly  to  the  cable,  so  toughness  and  bending 
durability  are  required  of  the  cable’s  design. 

Furthermore,  a  small  diameter,  low  weight  and  flexibility 
are  also  required  of  the  cable  to  prevent  reduced  movi/ity 
of  the  vehicle  in  water  and  to  reduce  drifting  in  a  tidal 
current . 

To  prevent  the  cable  from  being  tangled  in  the  water,  it 
must  have  a  small  degree  of  sel f -rota t ion . 

Furthermore,  a  water-tight  structure,  in  other  words  a  dry 
structure,  is  required  of  the  cable  to  prevent  optical 
transmission  fiber  from  suffering  a  deterioration  of 
tensile  strength  caused  by  direct  contact  with  the  sea 
water . 

Main  specification  of  the  tether  cable  is  as  follows! 


(1)  Supply  voltage  and  power 

(2)  Overall  diameter 

(3)  Cable  length 

(4)  Breaking  Tensile  Strength 

(5)  Optical  fiber 

(6)  Water  pressure  resistance 

(Transmission  loss  of 
optical  fibers) 

17)  Transmission  loss  in 
optical  fibers 

Band  width  m  opt i cal 


:  2500V  30  70KVA 
!  30mm 
:  5000m 

!  16. 5 tons  ur  more 
!  4  f ibers ,  G .1  .type 
!  1.0  dB/km  or  less  at  wave 
length  of  0.85x<m, 
under  water  pressure  of 


376kg /cm* 

:  1 .0  dB/km  or  less  at  wave 
length  of  l  JZu  m 
3.0  dB/km  or  less  at  wave 
length  of  0  m 
fibers!  400  Mbps.  5km  or  more 


3.  Development  of  Tether  Cable 
3.1  Construction  of  Tether  Cable 


Cross-sect lonal  shape  and  construction  of  the  developed 
tether  cable  are  shown  in  Fig. 2  and  Table  1,  respectively. 


Fig.2  Cross  Sectional  Structure  of  Tether  Cable 


Table  1 %  Construction  of  Tether  Cable 


Power 

conductor 

Control 

conductor 

Optica! 

E  iber 

Eeath 

conducter 

Ho.  of  cores 

3 

4 

4 

1 

Conductor  Size  (ws) 

6 

0.7 

— 

1.4 

Optical 

f  -  ter 

Type 

— 

— 

G.  I. 

— 

tfateri a! 
of  Spacer 

— 

— 

Engineer  i  r.g 
Pl ®6ti C6 

— 

Tension 

Member 

Water i a' 

polyamide  covered  rod  type  aramid  Tiber 

Construction 

1.9tfDi®.  2'eyer*.  contrahe! ■ ce 1 Iv 

Over®! 1 

l,  ameter(mm) 

epprov  3G 

We*gbt 

(kg/km) 

appro*.  850 

Three  power  cores,  4  control  cores  and  optical  fiber  unit 
containing  4  fibers,  are  laid  around  a  earth  core. 

The  metal  cores  are  all  insulated  with  c loss-1  inked 
polyethylene  and  fibers  are  inserted  into  a  spacer  made  of 
engineering  plastics  and  covered  with  the  same  material. 

Optical  fibers  used  are  made  of  50/125/zm  graded  index 
type  silica,  have  secondary  coat  of  UV-cured  resin  and  have 
been  subjected  to  a  proof  strain  test  of  2%  elongation. 

The  laid  cores  are  sheathed  with  a  solid  extrusion  of 
closs-1 inked  polyethylene  to  prevent  the  deterioration  of 
the  tensile  strength  of  optical  fibers  in  water,  and  to 
give  a  uniform  bedding  for  two  layers  of  contrahel ical ly 
wound  tension  members. 

Rod-type  aramid  resin  fiber  (Kevlar  ®  )  impregnated  with 
unsaturated  polyester  resin  and  covered  with  polyamide 
resin,  is  applied  to  the  tension  member. 

Attension  was  paied  to  the  design  of  the  double- layered 
tension  member,  such  as  the  ratio  of  the  numbers  of  tension 
member  in  each  layer  and  the  lay  angle  of  each  layer,  to 
prevent  it  from  rotating  when  torsional  balance  is  affected 
by  tension. 

And  a  solid  extrusion  of  the  overall  sheath  made  from 
specially  formulated  EP  rubber,  covers  the  tension  member 
to  provide  protection  from  mechanical  deterioration  such  as 
abrasion  (Fig. 2,  Fig.3). 

Abrasion  of  tension  member  caused  when  passing  through  the 
sheaves  many  times,  causes  a  deterioration  of  the  tensile 
strength  of  the  cable. 
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(2)  Long-term  mater  pressure  test 

A  specified  mater  pressure  of  &?6kg/cnf  was  applied 
for  10  days  continuously  to  the  cable  specimen  I  same 
as  item  (1).  As  shown  in  Fig. 6,  no  change  in 
transmi ss ion  loss  of  optical  fiber  was  observed. 

The  normal  submergence  operation  of  the  vehicle  will 
only  be  several  hours. 


<V  EUJ 

-0.05 

«J  <o 


F i g  *3  Tether  cable 


3.2  Water  Pressure  Property  of  Tether  Cable 


Some  profiles  of  water  pressure  tests  were  conducted  on 
the  developed  cable  and  transmission  loss  from  the  optical 
fiber  etc.  were  measured. 

(1)  Short-term  water  pressure  test 

A  short-term  but  high  water  pressure  test  up  to 
600kg/ cm'  was  conducted  on  1.5m  long  cable  specimen. 

The  increment  of  water  pressure  was  approximately 
lOOkg/cm'  per  minute. 

The  test  results  are  sho.n  in  F'ig.4  and  F'ig.5.  No 
change  of  transmission  loss  mas  observed,  not  only  at 
specified  tuaier  pressure  of  37bkg/ar,' ,  but  also  at 
enn^g/eny . 


°  - - 0.  05 


0  200  400  600 

Water  Pressure  P  (kg/cm2 ) 

Fig.  4  Relation  Between  Water  Pressure 
and  Transmission  Loss 


?S<-0.  05 


600kg/cmz- 
X  5m  i  n. 


5l3kg/cm2 


6kg/cm2  376kg/cm2 
C30min.  X30min. 


376kg/cm2 


0  2  4  6  8  10 

Time  (days) 

Fig. 6  Relation  Between  Pressurized  time 
and  Transmission  Loss 

Wa  ter  pressure  test  with  a  large  vessel 
A  water  pressure  test  was  conducted  at  2  times 
376kg/c nC  for  30mm.  on  20m  Jong  cable  specimen  (approx . 
80m  long  fiber  core)  in  a  large  water  pressure  test 
vessel  0.4m  inc.  .dia.,  3m  high,  maximum  pressure 
1 560kg/ cm' )  at  JAMSTEC  . 

No  change  of  transmission  loss  was  observed. 

Test  vessel  are  shown  in  Fig. 7. 


F  i  g  .7 

Water  Pressure 
Vessel 
(Courtesy 
of  JAMSTEC) 


Fig. 5  Transmission  Loss  VS. 
Water  Pressure  Patterns 


(4)  Cyclic  water  pressure  test 

A  test  under  200  times  cyclic  water  pressure,  from 
Okg/cm*  to  376kg/c^i, ,  was  conducted  on  a  cable  specimen; 
same  as  i tern  ( 1 )  . 

The  holding  ?*me  at  376kg/cmi  was  5  mm.  and  it  took 
approx.  8  min.  each  for  pressurization  and 
depressurization . 

The  pressure-Mme  profile  and  the  test  results  are 
shown  in  Fig. 8  and  no  change  of  transmission  loss  was 
observed . 
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Repeated  Water  Pressure  cycle  (limes) 

Fig. 8  Relation  Between  Repeated  Water 

Pressure  cycles  and  Transmission  Loss 

3.3  Mechanical  properties  of  tether  cable 
(1)  Flexibility  test 

Flexibility  of  the  cable  was  measured  by  a  supported 
beam  deflection  test  using  a  lm  long  cable  specimen. 

The  test  results  are  shown  in  Fig.9;  the  deflection 
of  the  cable  was  almost  the  same  as  one  for  a  common 
low  voltage  CV  power  cable  (XLPE  insulation,  PVC 
sheath)  having  the  same  overall  diameter,  it  shows  us 
that  the  cable  will  be  flexible  enough  and  easy  to 
handle. 


-  1  (100mm  - “I 

— |  500mm  T~  '  r 

^==r=zZ^-i-? 


■  Tether  Cabl e 
■600V  CV  3 X 38mm2 


Weight  (kg) 

Fig.9  Relation  Between  Weight 
and  Deflection  of  Cable 

12)  Tensile  property  test 

Elongation  of  cable  and  transmission  loss  of  optical 
fibers  were  measured  by  appling  tension  of  IStons 
repeatedly  using  100 tons  horizontal  fimsler  tensile 
tester.  The  test  was  conducted  using  an  8m  long  cable 
specimen  with  a  pulling  speed  of  about  15mm/min,  and 
the  tension  was  released  immediately  the  peak  tension 
of  15tons  was  reached. 

The  test  results  are  shown  in  Fig. 10.  The  test 
facility  is  also  shown  in  Fig. 11, 

The  elongation  of  a  cable  saturated  to  0.5%  at  a 
normal  operating  tension  of  lton,  1.8%  at  15tons 
respectively  in  a  fern  tensioning  cycles, 
find  little  change  of  transmission  loss  was  observed  in 
the  opt i cal  f iber  . 

Finally,  the  cable  specimen  was  broken  at  17.4tons. 


U  C  a  c  o  I  u  \L  i  a 

Tens, on  (ions) 

fig.  ID  Relation  Between  Cyclic  Tension 
and  Cable  Elongation 


Fig. 11 

Tensile  Tester 


(3)  Self-rotation  test 

The  sel f -rota t ion  property  of  cable  was  measured  by 
applying  a  ten  non  of  up  to  2  tons  using  the  same  test 
equipment  and  same  length  of  cable  as  in  item  (2). 

The  test  results  are  shown  in  Fig. 12  and  the  angle 
of  sel f-rotat ion  was  about  3°/m,  the  torque  was  about 
0 .6kg-m  at  normal  operating  tension. 


Tension  (tons) 

Fig.  12  Relation  Between  Tension 
and  Rotation  ftngle 
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(4)  Tensile  strength  test 

As  shomn  in  Fig. 13,  the  tensile  strength  mhen  the 
cable  specimen  broke  mas  high  enough  for  the  specified 
value  of  !6.5tons.  The  test  conducted  mas  almost  sane 
as  that  in  i tea  (2).  The  transmission  loss  of  optica! 
fibers  and  continuity  of  insulated  metal  conductors 
•ere  also  monitored  in  this  test.  As  shouin  in  Fig. 14, 
the  optical  and  insulated  metal  conductors  broke  at 
the  same  time  as  the  cable  broke.  The  maximum 
elongation  of  the  cable  is  considered  to  be 
approximately  2X. 

The  mechanical  cable  termination  used  in  these  tests 
l  s  shomn  i  n  I  tern  4  . 


Breaking  Tensile  Strength  (tons) 

Fig. 13  Weibull  Probability  Plot  of 
Tether  Cable 


>. 


{5)  Small  radius  bending  test 

A  test  was  conducted  to  evaluate  the  resistance  of 
small  radius  bend  such  as  a  kink*  A  streight  cable 
specimen  was  gradually  bent  to  a  swaller  radius,  and 
the  transmission  loss  of  the  optical  fiber  was 
monitored  during  bending. 

As  shown  in  Fig.15,  specimen  was  bent  to  a  radius  of 
75mm,  no  change  of  transmission  loss  in  the  optical 
fiber  un till  a  radius  of  75mm  was  observed.  And  no 
break,  no  change  of  insu luted  metal  conductor,  tension 
member  rods  and  optical  fiber  were  also  observed  after 
the  test. 


(6)  Side-wall  pressure  test 

To  estimate  the  life  of  the  cable,  up  to  approx. 

8  times  the  side  wall  pressure  under  normal  operation 
were  applied  to  a  10m  long  cable  specimen  and  the 
continuity  of  lusulated  metal  conductors,  transmission 
loss  of  optical  fibers  were  monitored. 

Fig. 16,  shows  the  test  equipment. 


Fig.lt>  S i Ho  Wall  Pressure  Test  Facility 


As  shown  in  Fig.17,  the  life  under  normal  operation  is 
c»p.s  idored  to  he  one  million  limes  ot  more. 
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water  pressure  affects  the*  concentrically  (radially),  and 
the  pushing  force  on  their  smaller  cross -sec t ionai  area  is 
also  smaller . 


(7)  Twisting  durability  test 

The  twisting  durability  of  the  cable  was  also 
evaluated  at  a  twist  rate  of  ±45°/*,  30  times/min. 
using  a  lm  long  cable  specimen. 

After  twisting  10,000  times,  no  change  of  cable 
appearance,  optical  fibers  or  insulated  metal 
conductors  was  observed. 

4.  Mechanical  Cable  Termination 

A  suspension  ability  of  16.5  tons  or  more,  which  is  equal 
to  the  specified  tensile  strength  of  the  cable, is  required 
of  the  mechanical  cable  termination  because  the  tether 
cable  has  the  role  not  only  of  supplying  electric  power  and 
exchanging  signals,  but  also  of  tying  the  vehicle  to  a 
mother  ship,  as  shown  in  Fig.l.  Flexibility  is  required  so 
as  not  to  disturb  the  mobility  of  vehicle  on  and  in  the 
sea,  as  well  as  suitable  tensile  strength  and  bending 
durabi 1  I ty  . 

A  polyamide  covering  of  rod-type  tension  member  was 
removed  from  the  end  of  the  cable,  then  a  termination  block 
made  of  titanium  alloy  was  inserted  into  the  end  of  the 
cab!  Tension  tya~  app!:;:d  uniformly  vo  \  u.n  ,  od  aftn- 
being  arranged  in  an  orderly  way,  and  epoxy  resin  was 
easted  inside  the  termination  block. 

The  breaking  tensile  strength  has  already  been  shown  in 
Fig.l 3,  and  the  suspension  ability  would  be  20  tons  or 
more.  No  change  of  transmission  loss  in  optical  fibers, 
continuity  and  insulation  resistance  of  insulated  metal 
conductors  were  observed  after  3000  bending  cycles  at  50kg 
and  after  150  cycles  at  200kg  with  a  G-FRP  be  11 -mouth. 

The  compact,  light-weight  and  highly  reliable  mechanical 
cable  termination  that  was  developed  is  shown  in  Fig. 18, 19. 

5,  Op t ica 1 /Power  Composite  Underwater  Connector 

A  one-body  type,  optical  fiber/power  conductor,  composite 
connector  was  developed  for  the  electricity  supply  and 
signal  transmission  from  the  mother  ship  to  the  vehicle. 

It  is  not  difficult  to  develop  connectors  only  for  an 
optical  fiber  and  a  power  conductor  individually,  because 


Rubber 


Fig. 18  Cross  Sectional  Structure  of 
Mechanical  Cable  Termination 


Fig. 19  Mechanical  Cable  Termination 


A  large  space  is  required  on  a  small  vehicle  if  connectors 
are  prepared  for  4  optical  fibers,  7  insulated  conductors 
of  the  tether  cable  individually.  This  constitutes  a  big 
problem  regarding  convenience  and  reliability. 

A  one- touch  connection,  one  body  type,  compact,  light¬ 
weight,  op i i ca l /power  composite  under  water  connector  was 
developed  as  shown  in  Fig, 20  and  21. 


Fig. 20  Cross  Sectional  Structure  of 

Composite  Under  Water  Connecter 
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7  .  Cone  I  us  ion 


Fig. 21  Composite  Under  Water  Connector 


A  water  pressure  test  was  conducted  at  2  tines  376kg/cm' 
for  30  min.,  and  no  change  in  the  transmission  loss  of 
op* l cal  fibers,  continuity  and  insulation  resistance  of 
insulated  metal  conductors  were  observed,  nor  was  a  water 
leak.  Furthermore,  in  a  cyclic  water  pressure  test, 
conducted  at  100  times  of  376kg/cm'  for  5  min.,  by  the  same 
method  as  in  i tem  3. 2. (4),  little  change  was  observed.  The 
test  result  is  shown  in  Fig, 22, 


Frow  the  results  of  many  sea  trials  conducted  since  last 
1987,  it  has  been  proved  that  Dolphin  3K  system  with  a 
tether  cable,  a  mechanical  cable  termination  and  a  optical/ 
power  composite  underwater  connector,  are  of  sufficient 
quality  and  reliability  for  regular  applications,  including 
joint  use  with  Shinkai  2000. 

The  speed  of  recent  technical  innovation  has  l>eon 
remarkable,  and  the  development  of  unmanned  deep-water 
submergence  vehicles  capable  of  operating  at  a  depth  of 
10,000m  using  an  approximately  13km  long  cables  without  a 
repeater  for  optical  fibers  and  higher  voltage  electricity 
is  now  under  consideration. 

In  the  future,  the  authors  will  approach  more  difficult 
themes  by  applying  knowledge  and  techniques  gained  from  the 
development  of  Dolphin  3K  including  the  development  of  this 
new  system. 

The  authors  wish  to  acknowledge  the  joint  developers,  the 
mewbers  of  Japan  Marine  Science  and  Technology  Center 
(JAMSTEC)  and  also  member  of  Mitsui  Engineering  and  Ship 
Building  Co.  Ltd.  (MES)  . 


</> 


Fig. 22  Relation  Between  Repeated  Water  Pressure 
cycles  and  Transmission  Loss 


In  addition,  water  pressure  tests  of  513kg/cm"  for  30min.on 
the  feed  through  elements  of  optical  fiber  and  insulated 
metal  conductor  were  also  conducted  satisfactorily. 

6.  Sea  Trial 


The  Dolphin  3K  system  was  equipped  on  a  supporting  mother 
ship  and  over  30  sea  trials  have  been  sat isfactor i ly 
conducted  in  SAGAMI  BAY  by  JAMSTEC,  since  last  1987, 
including  a  maximum  dive  to  a  depth  of  3429m. 

A  large  quantity  of  valuable  information  including  images 
of  the  seabed  and  living  creatures  and  samples  of  water, 
rocks  were  collected  from  the  deep  seabed. 

The  benefits  of  an  unmanned  deep  submergence  vehicle  are 
that  images  and  living  creatures  on  the  seabed  are  observed 
in  realtime  by  many  people  on  the  mother  ship  via  a  high 
quality  colour  TV,  monitor. 
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A  MICROCOAXIAL  CABLE  FOR  HIGHLY  PACKED 
HIGH  BIT  RATES  DIGITAL  MULTIPLEXERS 

Carlos  BLANCO  Susana  CAMARA  Carlos  G.  CORTINES 


ALCATEL  STANDARD  ELECTRICA,  S.A. 
Maliafio,  Cantabria,  Spain 


SUMMARY 

The  use  of  microelectronics  in  Digital 
Multiplexers  has  increased  its  packing 
density.  It  has  been  necessary  to  develop 
a  minicoaxial  cable  which  maintains 
a  high  quality  in  its  transmission  parame¬ 
ters;  special  attention  has  been  given 
to  the  cable  return  loss,  far  end  cross 
talk  and  transfer  impedance.  The  insula¬ 
tion  process  has  been  controlled  very 
carefully  to  obtain  a  uniform  diameter 
and  expansion  degree  of  the  dielectric 
and  a  low  return  loss  figure.  The  addition 
of  a  thin  foil  of  aluminium  polyester 
has  improved  significantly  the  far  end 
cross  talk  figure  of  the  cable. 


INTRODUCTION 

In  central  telephone  exchanges  digital 
multiplexer  devices  are  connected  to 
transmission  line  equipment  by  means 
of  flexible  coaxial  cables  which  are 
grouped  together  in  rather  large  bundles. 
Within  these  bundles,  the  coaxial  cables 
run  parallel  to  each  other  along  distances 
that  range  from  30  to  100  m. 

The  electronic  devices  are  grouped  to¬ 
gether  in  racks  and,  at  the  moment, 
each  rack  contains  four  digital  multiple¬ 
xers  . 

As  each  multiplexer  needs  a  total  of 
10  cables  outputs,  the  total  number 
of  cables  is  40  per  rack. 

With  the  application  of  LSI  techniques 
to  the  construction  of  digital  multiple¬ 
xers,  its  packing  density  has  been  in¬ 
creased  up  to  16  multiplexers  per  rack. 
This  means  that  the  total  number  of 
cables  in  the  bundles  is  160  per  rack. 

With  conventional  coaxial  cables,  used 


till  now,  the  access  to  the  new  multiple¬ 
xer  outputs  is  virtually  impossible 
due  to  the  fact  that  they  are  crammed 
into  a  very  small  space. 

Therefore  it  has  been  necessary  to  develop 
a  miniature  flexible  coaxial  cable  having 
transmission  characteristics  able  to 
support  digital  rates  of  up  to  8  Mbits. 


As 

the 

new  cables 

must  run 

parallel 

to 

each 

other  along 

the  same 

distances 

as 

the 

conventional 

ones , 

no  change 

must  be  made  to  their  transmission  charac¬ 
teristics  except  for  the  attenuation 

which  must  obviously  be  higher  due  to 
the  smaller  size  of  the  new  cable. 

A  parameter  that  has  been  found  to  be 
critical  in  high  speed  digital  trans¬ 
mission  is  the  return  loss  of  the  whole 
system.  In  order  to  maintain  this  loss 
at  the  specified  level,  a  stringent 
requirement  has  been  imposed  to  the 

cable  intrinsic  structural  return  loss. 

Another  parameter  that  has  been  necessary 
to  control  carefully  is  the  transfer 
of  energy  between  cables  running  parallel 
to  each  other  for  a  long  distance.  This 
leakage  of  energy  is  regulated  by  the 
cable  transfer  impedance.  However,  an 
alternate  approach  to  the  evaluation 

of  this  influence  is  the  measurement 

of  the  Far  End  Cross  Talk  between  two 
short  lengths  of  cables  bound  together 
as  ir.  a  real  installation. 

From  the  mechanical  construction  point 
of  view  it  has  been  necessary  to  design 
the  cable  with  a  maximum  outer  diameter 
of  3.3  mm  in  order  to  adapt  it  to  the 
connectors  used  at  the  inputs  and  outputs 
of  the  digital  multiplexer  and  trans¬ 
mission  line  equipment. 

It  has  also  been  necessary  to  design 
the  cable  incorporating  a  drain  wire 
to  facilitate  the  soldering  of  the  outer 
conductor  of  the  cable  tc  the  oody  of 
the  connector. 
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A  final  consideration  concerning  the 
cable  jacket  is  that  it  has  been  chosen 
with  good  flame  retardant  and  abrasion 
resistance  properties  since  the  cable 
is  intended  for  indoor  installations. 


In  both  types  of  cable,  the  jacketing 
material  used  was  PVC  which  is  a  good 
compromise  between  reasonable  flame 
retardant  properties  and  low  cost. 


CABLE  DESIGN 


Two  different  approaches  have  been  fol¬ 
lowed  to  design  the  cable.  In  both  of 
them  bare  copper  was  used  for  the  central 
conductor.  As  the  diameter  of  the  cable 
is  small  it  is  not  necessary  to  use 
a  stranded  conductor.  Also  common  to 
both  alternatives  is  the  use  of  foamed 
polyethylene  as  dielectric. 


I 

CABLE  ■  I 


DRAIN 

WIRE 

CENTER  9  0  4  mm 

CONDUCTOR 
0  0  4  mm  - 


I 


dielectric 

0  2  15mm 


COPPER 

BRAID 


'  OUTER 
JACKET 
0  3  3mm 


FIG.  1:  Cross  section  of  cable  1 


The  distinctive  element  between  the 
two  cables  is  the  outer  conductor. 

The  first  approach  incorporates  a  tinned 
copper  braid,  of  a  high  covering  factor, 
applied  over  the  dielectric  and  the 
drain  wire.  Fig.  1. 

The  second  approach  has  an  outer  conductor 
made  of  a  thin  film  of  a  polyester- 
aluminium  laminate  overlapped  and  longi¬ 
tudinally  applied  over  the  dielectric. 
Fig.  2. 

Ove.  it  a  tinned  copper  braid,  of  a 
lower  covering  factor,  has  been  applied. 
The  drain  wire  is  placed  between  the 
aluminium-polyester  foil  and  the  copper 
braid . 


CABLE -2 

OUTER 
JACKET 
9  3.3mm 


CENTER 
CONDUCTOR 
0  0.4mm 


OR  AIN 
""  WIRE 
0  0.4mm 


'  COPPER 

braid 


/ 


DIELECTRIC 
0  1.82mm 


ALUMINIUM 

POLYESTER 

TOIL 


FIG.  2:  CROSS  SECTION  OF  CABLE  2 


Because  of  the  similarities  between 
the  two  cable  constructions  the  analysis 
that  follows  will  only  be  applied  to 
the  first  prototype. 

The  characteristic  impedance  of  the 
cable  was  determined  by  that  of  the 
multiplexer  whose  value  is  75  ohm. 

Based  on  the  well-known  expression  of 
the  impedance  of  a  braided  coaxial  cable. 


Zq 


138.2 

/eT 


1o^io 


Dp+1.5  dw 
kjd 


(1) 


where : 

£r  =  Relative  permitivity  of  dielectric 

Di  =  Diameter  over  dielectric 

d  =  Over-all  diameter  of  inner  conduc¬ 
tor 

k|  =  Effective  diameter  factor 

C k i  =  1  for  bare  conductors) 
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The  following  geometrical  design  was 
used 

Dp  =  2.15  mm 

d  =  0.4  mm 

dw  =  0 . 1 3  mm 

Using  the  above  expression  of  *-he  im¬ 
pedance  the  resultant  permittivity  is 

\JT^  =  1.415  hence  £r  =  2.00 


(For  Di  =  2.15  mm,  kb  =  1.7). 

Cp  =  Resistivity  of  inner  conductor 
C2  =  Resistivity  of  outer  conductor 
tg  6  =  Tangent  of  loss  angle  of  dielectric 

Using  the  values  of 

Cb=C2=1.7241  10~6  ohm/cm  (pure  copper) 
tg 6 =  5  10-4 ( slightly  foamed  polyethylene) 


As  the  permittivity  of  solid  polyethylene 
is  2.28  this  indicates  that  the  insulation 
requires  a  certain  degree  of  expansion. 


The  resultant  attenuation  is  3.85  10-5 

nep/cm  or  its  equivalent  3.35  dB/100 

m,  which  is  lower  than  the  especified 
value . 


The  resultant  mutual  capacitance  of 
the  cable  is  obtained  from  the  expression 


C 


\JT7 

C  Zq 


(2) 


where:  c  =  3  108  m/sec. 


To  determine  the  expansion  degree  of 
the  polyethylene  that  must  be  extruded 
to  form  the  dielectric  of  the  cable, 
the  following  formula  was  used 


B  (*) 


/ 

100  1 


\ 

\ 


(4) 


Entering  into  this  expression  the  values 
obtained  previously  we  get  for  the  mutual 
capacitance  the  figure  of  C  =  63  nF/km. 

A  requirement  imposed  by  the  transmission 
equipment  is  that  the  cable  attenuation 
at  4  Mhz  must  be  kept  below  4  dB/100 
m. 

To  verify  that  this  requirement  can 
be  adequately  met  with  the  dimensions 
and  values  used  in  the  design  the  fol¬ 
lowing  expression  was  used'H  . 

oc  =  acl  +  ccc2  +  «C3  = 


2.2870 


10'3  V£  f 


log 


10 


Pi 

kp  d 


*  1.0470 


10”4  f 


tg  &  (nep/cn) 


(3) 


where : 

f  =  Frequency  in  Mhz 

k3  =  Voltage  gradient  factor 

(k3  =  1  for  bare  conductors) 

k(-  =  Coating  factor 

(kt  =  1  for  pure  copper) 

kb  =  Braiding  factor  (it  is  a  function 
of  the  diameter  of  the  dielectric. 


This  expression  takes  into  account  the 
different  specific  gravities  of  both 
foamed  and  solid  polyethylene. 

Entering  into  expression  (4)  the  relative 
permittivity  obtained  above,  we  can 
determine  the  expansion  degree  that 
must  be  given  to  the  polyethylene  by 
the  extrusion  line.  The  figure  obtained 
is  22  %. 

As  mentioned  previously  a  critical  para¬ 
meter  that  must  be  controlled  very  care¬ 
fully  in  a  high  data  rate  link  between 
a  digital  multiplexer  and  its  corre¬ 
sponding  transmission  line  equipment, 
is  the  return  loss.  In  order  to  maintain 
this  parameter  as  low  as  possible,  the 
cable  joining  both  devices  must  also 
have  a  very  low  structural  return  loss 
figure . 

It  is  a  very  well-known  fact  that  the 
impedance  regularity  of  a  coaxial  cable 
(return  loss)  is  directly  related  to 
the  extrusion  uniformity  of  its  die¬ 
lectric.  Even  small  variations  in  the 
insulating  material  diameter  or  expansion 
degree  can  have  detrimental  effects 
on  the  final  cable  return  loss,  specially 
if  these  variations  are  regularly  spaced. 

In  consequence,  if  we  want  to  maintain 
the  final  return  loss  of  the  cable  below 
a  certain  level,  it  is  of  primary  impor¬ 
tance  to  evaluate  the  maximum  deviation 
allowed  to  the  diameter  and  expansion 
degree  of  the  dielectric. 
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In  evaluating  this  parameter  what  con¬ 
cerns  us  are  the  highest  peaks  which 
are  obtained  at  a  certain  number  of 
critical  frequencies  and  their  corre¬ 
sponding  overtones. 

At  these  frequencies  the  return  loss 
of  a  coaxial  cable  is  given  by  the  fol¬ 
lowing  expression ( 2 , 3 ) 


PR  =  -20  log 


10 


P 12  e'2ttLl  • 


1- 


2wt2-(l-p^2)  e-2CCL2 

'2„  1 


(I-p^2)  e_oc  <L1  +  l2> 


) 


l  (5) 


(1-P*2)  e-a(Ll  +  L2> 


dDt 


Di+1.5  a¥  J—  (l-e-aL)  I0-pR/20 

60.02  2Z°  e'®1-  (1  -  e'2«Ln) 


(8) 


This  expression  shows  that  the  differen¬ 
tial  variation  of  the  diameter  of  the 
dielectric  is  a  function  of  frequency 
and  if  we,  therefore,  wish  to  obtain 
the  worst  return  loss  peak,  calculations 
must  be  carried  out  in  a  complete  range 
of  frequencies. 

Assuming  critical  frequencies  of  10 
and  100  Mhz  respectively  and  a  cable 
return  loss  figure  greater  than  20  dB 
in  100  m,  table  I  shows  the  tolerance 
allowed  in  the  diameter  of  the  coaxial 
cable  insulation  at  these  critical  fre¬ 
quencies  . 


where : 

Pi  2  =  Reflection  coeffient  between  two 
irregularities 

1*1,  L2  =  Physical  length  of  each  ir¬ 
regularity 

tl,t2  =  Propagation  times  in  the  ir¬ 
regularities 


TABLE  1 


Frequency 

Cable 

Attenuation 

Cable  RL 

dDx 

(Mhz) 

(nep/m) 

(dB) 

(■») 

10 

0.0060 

20 

0.070 

100 

0.023 

20 

0.020 

n  =  Number  of  irregularities  in  a 
certain  length  of  cable 


If  there  is  perfect  symmetry  of  the  ir¬ 
regularity  and  if  P12  «1»  we  can  express 
the  reflection  coefficient  at  the  critical 
frequency  as  follows*3) 


(l-e-^)  10-PR/20 


e-CC  L  (  X  .  e-2a  Ln  ) 


In  other  words,  when  the  operating  fre¬ 
quency  increases  and  if  a  certain  value 
of  return  in  the  cable  is  to  be  met, 
a  stricter  control  of  the  extruded  diam¬ 
eter  of  the  insulation  must  be  maintained. 

The  other  parameter  that  is  controlled 
during  the  extrusion  process  of  the 
dielectric  is  the  uniformity  of  the 
dielectric  permittivity,  which  in  turn, 
is  controlled  through  the  coaxial  capac¬ 
itance  of  the  insulated  wire. 

If  we  combine  equations  (1)  and  (2) 
we  can  obtain  *  3 ) 


Using  the  expression  of  the  impedance 
given  by  equation  (1)  we  can  express 
the  differential  variation  of  the  diameter 
of  the  dielectric  as  follows 


dDt  = 


Dj  +  1.5  d„ 
60.02 


(  'r 


(/) 


d  f  . 


( <Tr)3 


(~h)  138  log 


10 


Dj  +  l-3d, 
kjd 


dZ„  (9) 


and 


V  *r 

dC  =  -2  - —  dZ0 

cZ„ 


(10) 


Finally,  based  on  the  relation  between 
the  differential  impedance  variation 
and  the  reflection  coefficient  of  an 
irregularity  we  obtain*3) 


Using  now  the  relation  between  the  dif¬ 
ferential  impedance  variation  and  the 
reflection  coefficient,  the  differential 
variation  of  the  coaxial  capacitance 
of  the  dielectric  is  expressed  as  follows*3 
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fcZ  (1  -  e-ttL)  10-PR/20 

dC  =  4  — — - (11) 

CZ0  c-KL  (1  -  e"2®Ln) 


Using  the  values  obtained  previously 
for  the  reflection  coefficient  at  fre¬ 
quencies  of  10  and  100  Mhz  to  get  a 
minimum  return  loss  of  20  dB  in  100 
meters  we  obtain 


TABLE  II 


Frequency 

Cable  RL 

dc 

(Khz 

(dB) 

(pF) 

10 

20 

2.36 

100 

20 

0.65 

These  results  indicate  that,  the  same 
as  in  the  case  of  the  control  of  the 
diameter  of  the  insulation,  the  higher 
the  operational  frequency,  the  smaller 
the  tolerance  that  can  be  allowed  to 
the  coaxial  capacitance  of  the  extruded 
material . 


Fig.  3  is  a  chart  of  the  continuous 
monitoring  carried  out  on  this  parameter 
during  the  extrusion  manufacturing  pro¬ 
cess  . 
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Fig.  3: 


CONTINUOUS  COAXIAL  CAPACITANCE. 
MONITORING 


Due  to  the  small  diameter  of  the  cable 
there  are  two  parameters  which  might 
be  considered  as  a  cause  of  concern, 
i.e.  the  r.m.s.  voltage  under  continuous 
operation  and  the  maximum  power  rating 
the  cable  has  to  withstand. 

When  specifying  dimensions  and  the  type 
of  material  used  as  dielectric,  2000 
volts  was  the  minimum  r.m.s.  voltage 
allowed  for  continuous  operation. 

To  prove  that  the  selected  cable  design 
really  conforms  to  the  safe  r.m.s.  value 
mentioned  above,  the  following  equation 
can  be  used 


U  = 


0.081  Ed 


log 


t>l 


10 


kjd 


(kV) 


(12) 


where : 

E  -  Voltage  gradient  at  inner  conduc¬ 
tor  (peak  value)  in  kv/cm. 


Taking  the  figure  of  100  kV/cm  for  E, 
as  corresponds  to  a  low  expanded  poly¬ 
ethylene,  we  obtain 

U  =  2,36  kV 


which  is  well  over  the  required  limit. 

The  second  critical  parameter  to  consider 
is  the  maximum  power  rating  to  be  trans¬ 
mitted.  Although  the  cable  is  not  intended 
to  be  used  immediately  after  the  trans¬ 
mission  line  equipment,  where  the  output 
power  is  maximum,  a  figure  of  100  watts 
is  considered  as  a  safe  minimum  at  ambient 
temperatures  of  40®C. 


Taking  the  expression  of  the  total  tempe¬ 
rature  rise  of  inner  conductor  above 
ambient  temperature  we  get '4) 


Tc= 


Gc 

2  TT 


Ln 


CC  c  i  +  *50Cc 


1  ( 


Cd 

2  TT 


10  TT  D.  ku 


D1 

I.n  -  + 

kjd 

4/5 

(13) 


where : 

Gq ,  Gc  =  Thermal  resistivities  of 
dielectric  and  sheath 


D0  and  Ds  =  Inner  and  outer  diameter 
of  the  jacket 
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kh  =  Thermal  dissipation  constant  for 
cable  surface  exposed  in  air 

(For  a  cable  of  a  diameter  of  3.4 
mm,  kh  is  equal  to  8  10-4  W/cCm^) 


TABLE  III 


Cable  1  Cable  2 


Entering  into  this  expression  the  values 
used  for  the  cable  design  we  obtain 


acl  =  0,0399  dB/km 
ac2  =  0,0126 

=  0,000643  " 

The  expression  for  Tc  is 


Tc  =  0.9568  + 


0.0854 


4/5 


(14) 


Using  a  value  of  45QC  for  the  total 
temperature  rise  over  an  ambient  tempera¬ 
ture  of  40®C,  the  dissipation  factor 
obtained  is 

Hq  =  8  watts/m 

The  maximum  power  rating  is  related 
to  the  dissipation  factor  by  the  ex¬ 
pression 


Ho 

PQ  =  8.686  ■■  ■  ■  — - 

2  a  T 

lc 


(15) 


where : 

* Tc  =  Cable  attenuation  at  Tc  with 
a  temperature  coefficient  of 
0.20  %  per  degree  Celsius. 


Using  this  expression  we  obtain  for 
the  maximum  power  rating  the  value  of 


1.  CENTER  CONDUCTOR 

.  Material 

Plain-Cu 

Plain-Cu 

.  Diameter  (mm) 

0.4 

0.4 

2.  DIELECTRIC 

.  Ma  t  e  r  i  a  1 

Foam-PE 

Foam-PE 

.  Expansion  degree  (%) 

.  Tolerance  of  the  co¬ 
axial  capacitance 

22 

36 

(pF> 

+  0.6 

+  0.6 

.  Diameter  (mm) 

.  Tolerance  of  the  di¬ 
ameter  of  the  dielec 

2.15 

1.82 

trie  (inn) 

3-  OUTER  CONDUCTOR 

+  0.02 

+  0.02 

j.l.  Foil  tape 

.  Material 

- 

A 1  urn  i  n  i  urn 
polyester 

.  Width  (mm ) 

- 

10 

.  Thickness  (mm) 

" 

0.031 

3.2.  Braid 

.  Material 

Tinned  Cu 

Tinned  Cu 

.  Groups 

16 

16 

.  Wires/group 

4 

5 

.  Wire  diameter 

0.13 

0.  1 

.  Lay  length  (mm) 

9 

20 

.  Coverage 

92  % 

88  7 

3.3.  Dra in  wire 

.  Material 

Tinned  Cu 

Tinned  Cu 

.  Diameter  (nu.i) 

0.4 

0.4 

4.  OUTER  JACKET 

.  Material 

PVC 

PVC 

.  Outer  diameter  (mm) 

3.3 

3.3 

PQ  =  532  watts 

which  is  well  over  the  required  safe 
minimum  of  100  watts. 

Finally,  the  cut-off  frequency  for  the 
excitation  of  higher  modes,  different 
to  the  TEM's,  is  not  important  to  this 
cable  due  to  its  small  dimensions.  The 
calculated  cut-off  frequency  is  in  the 
order  of  50  Ghz  well  in  excess  of  the 
range  of  the  utilization  of  the  cable. 

Based  on  the  design  considerations  seen 
so  far,  Table  III  summarizes  the  details 
of  the  construction  of  both  cables. 


As  can  be  seen,  cable  no.  2  has  a  smaller 
dielectric  diameter  than  cable  no.  1 
in  order  to  accomodate  the  additional 
aluminium-polyester  foil.  However,  as 
both  cables  must  have  equivalent  trans¬ 
mission  characteristics,  this  smaller 
diameter  is  compensated  with  a  larger 
expansion  degree  of  the  polyethylene. 


Table  IV  summarizes  the  electrical  and 
mechanical  requirements  that  the  cable 
must  comply  with,  and  that  have  been 
used  as  references  in  the  cable  design 
process . 
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COAXIAL 


Fig.  4:  FAR  END  CROSS  TALK  MEASUREMENT  SEP  UP 


TABLE  IV 


PARAMETERS  (at  20OC)  Value 

1.  Characteristic  impedance  75  ohms 

2.  Mutual  capacitance  <65  nF/km 

3.  Dielectric  strength  (r.m.s.) 

(1  minute,  50  Hz)  >  2  kV 

4.  Attenuation. 

(Min.  length  100  m)  ( f =4  Mhz)  <4  dB/100  m 

5.  Structural  Return  Loss. 

Frequency  range  1  Mhz-100  Mhz 

(Length  100  m)  >20  dB 

6.  Minimum  power  rating  100  watts 

7.  Far  End  Cross  Talk 
Frequency  range  1  Mhz  -  100  Mhz 

(Length  10  m)  >90  dB 

8.  Elongation  at  break 

.  Center  conductor  10  X  min. 

.  Jacket  (Not  aged)  200  X  min. 

.  Jacket  (Aged  5  days,  100QC)  150  X  min. 

9.  Tensile  strength 

.  Jacket  (Not  aged)  125  kg/cm2  min. 

.  Jacket  (Aged  5  days,  100SC)  94  kg/cm2  min. 


CABLE  MEASUREMENTS 

In  order  to  verify  the  performance  of 
both  cable  types  a  measurements  program 
was  set  up.  All  measurements  were  carried 
out  using  standard  equipment  and  none 
of  it  required  any  special  arrangement. 


As  mentioned  before,  the  installation 
of  these  cables  is  carried  out  in  bundles 
that  run  along  lengths  that  can  be  as 
long  as  50  m.  Taking  into  account  the 
braiding  construction  of  the  outer  conduc¬ 
tor  a  parameter  of  concern  is  the  leaking 
of  energy  from  two  cables  which  run 
one  beside  the  other.  This  is  the  aim 
of  specifying  a  value  for  the  Far  End 
Cross  Talk  between  two  cable  lengths 
running  parallel  to  each  other. 

The  required  test  consisted  in  a  standard 
End  Cross  Talk  measurement  in  which 
the  two  coaxial  cables  were  bound  to¬ 
gether  in  a  length  of  10  m  and  in  which 
the  braids  in  both  cables  were  connected 
to  each  other  and  to  the  earth  of  the 
equipment . 

Fig.  4  shows  a  sketch  of  the  measurement 
set  up. 

In  order  to  avoid  the  influence  of  pigtail 
and  connecting  pins  both  cable  ends 
were  directly  soldered  to  the  test  equip¬ 
ment  connectors. 

The  coaxial  terminating  loads  were  also 
soldered  to  the  free  cable  ends  and 
screened  from  outer  interferences. 

Both  testing  devices  were  placed  back- 
to-back  and  at  some  distance  apart. 

The  dynamic  range  of  the  test  equipments 
is  up  to  130  dB  and  the  frequency  range 
from  10  Mhz  to  1  Ghz. 
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COPPER  COPPER 

SCREEN  TUBE  DISK 


Fig.  5:  TRANSFER  IMPEDANCE  MEASUREMENT  SET  UP 


An  alternative  approach  to  measure  the 
energy  leak  out  of  a  coaxial  cable  is 
by  means  of  the  measurement  of  its  trans¬ 
fer  impedance. 

The  corresponding  set  up  is  shown  in 

Fig.  5. 

The  principle  of  this  measurement  is 
to  create  a  double  coaxial  structure. 
The  outer  structure  (the  one  which  causes 
the  interference)  consists  of  a  copper 

tube  and  the  braid  of  the  coaxial  cable. 
The  inner  structure  (the  one  which  re¬ 
ceives  the  interference)  is  the  coaxial 
cable  actually  being  tested. 

The  signal  which  causes  the  interference 
is  f  ad  into  the  outer  structure  via 

a  small  resistance  (R).  This  coaxial 
structure  is  terminated  at  the  other 
end  by  a  copper  disc  that  acts  as  a 
short-circuit . 

The  signal  induced  into  the  coaxial 
cable  under  test  is  directly  received 
by  the  level  meter,  and  the  far  end 

of  this  structure  is  duly  terminated 
with  its  characteristic  impedance  and 
conveniently  screened  to  avoid  picking 
up  any  unwanted  signal. 

The  short-circuiting  disc  of  the  outer 
copper  tube  is  connected  to  the  coaxial 
cable  braid  and  as  in  the  Far  End  Cross 
Talk  measurements,  the  coaxial  cable 
end  is  directly  soldered  to  the  connectors 
of  the  test  equipment. 

The  following  equation  gives  the  modulus 

of  the  transfer  impedance^) 


(16) 


(1-n2)  u  (cos2  u  +  b2  sin2  u 


If  n2  (cos  u-cos  nu)2  +  (sin  u-n 


where : 


m  =  -  (Impedance  of  the  outer  struc- 

R  ture) 


Al 

n  =  T~ 

A  2 

2  n  l 

u  =  “XT 

A  1'  A  2  =  Wavelengths  of  the 
and  inner  structures 


outer 


In  order  to  avoid  any  standing  wave 
phenomena,  the  system  must  not  be  used 
with  wavelengths  smaller  than  10  L, 
where  L  is  the  copper  tube  length. 

Experience  has  demostrated  that  a  suitable 
value  for  parameter  m  should  be  more 
or  less  0.7. 

Parameter  n  can  be  calculated  as  follows 

Ai  c/fp  i  *77 

A  2  c/i i*  2 
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where,  62  and  are  the  relative  per- 


mittivity  of  the 

dielectrics 

of  the 

Cable  1 

Cable  2 

inner  and  outer  structures. 

4. 

Dielectric  Strength  (kV) 

2.5 

2.3 

An  approximate  value 

for  Zi ,  is 

(1  min,  50  Hz) 

5. 

Insulation  resistance 

100,000 

90,000 

138 

0  copper  tube 

(Mohms/km)  (1  min,  500  Vj)q) 

Zl  fT7  10810 

0  over  braid 

(17) 

6. 

Attenuation 

Fig.  8 

Fig.  9 

7. 

Return  Loss  (L  =  100  m) 

Fig.  10 

Fig.  11 

Using  the  numerical 

values  seen 

in  Fig. 

8. 

Far  End  Cross  Talk 

Fig.  12 

Fig.  13 

5  we  obtain 

(L  =  10  m) 

Zl  = 

63  ohms 

9. 

Transfer  impedance 

Fig.  14 

Fig.  15 

R  = 

88  ohms 

10 

.  Elongation  at  break  (%) 

n  = 

1.4 

.  Center  conductor 

13  X 

13  7. 

.  Jacket  (Not  aged) 

200  X 

200  X 

u  = 

2  ITf  (Mhz) 

300 

.  Jacket  (Aged) 

170  X 

170  X 

11 

.  Tensile  strength  (kg/cm^) 

It  can  be  demostrated  that  the  expression 

.  Jacket  (Not  aged) 

186 

190 

.  Jacket  (Aged) 

150 

160 

(1-n2)  u  /cos2  u  +  m2  sin2  u 


cos  u  -  cos  nu 


)2  +  (si 


in  u  -  n  sin  nu7 


takes  a  value  close  to  one  for  frequencies 
ranging  from  0.05  Mhz  up  to  50  Mhz. 

Based  on  the  above  considerations,  the 
test  frequency  should  not  be  increased 
beyond  the  frequency  corresponding  to: 


0-1  k  1  =  1  m 

J  j  =  10  in  fl  -  10  Mhz 


RESULTS 

Table  V  and  Fig.  6  to  15  summarize  the 
results  obtained  on  the  tests  carried 
out  on  both  cables. 


TABLE  V 


Cable  1 

Cable  2 

Characteristic  impedance 
( ohms ) 

Fig.  6 

Fig.  7 

D.C.  Resistance  (ohms/km) 

Inner  conductor 

129 

131 

Outer  conductor 

15 

23 

Mutual  capacitance  (nF/km) 

65 

65 

(Jl)  CABLE'  1 


001  01  I 

FREQUENCY  (  MHz  ) 


Fig.  6:  CHARACTERISTIC  IMPEDANCE  OF 
CABLE  TYPE  1 
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(dB/  100m  ) 

CABLE  -  2 

12 

\zc\=lzo  Zs 

Zo=  Open- circuit  impedance 

11 

CABLE  -  2 

Zs  =  Short-circuit  impedance 

10 

Temperature  —  20°  C 

9 

Testing  Lengt  -  IQOmts 

- REQUIRED 

°  Predicted  by  Calculation 

For  1  »  IkIHi 

a 

7 

6 

4.02  del  100m 

FREQUENCY  (MHz) 

Fig-  7:  CHARACTERISTIC  IMPEDANCE  OF  CABLE 
TYPE  2 


(  dB/fOOm  ) 
12c 


Temperature  =  20°  C 
Testing  Lengt  =  100  mts 
"  Predicted  by  Calculation 


0.1  1 

FREQUENCY  ( MHz  ) 


Pig.  9:  ATTENUATION  OF  CABLE  TYPE  2 


/yyy  Measured  minimum  values 

20  dB- - Minimum  value  in  theoretical  calculations 

Vi 

PR  =  20  log  - 

w  pZ 

Vitlmput  voltage  | 

Vrz  Returned  voltage  I 


3  35  dB  1 100  m 


0.01  0.1  1  10 

FREQUENCY  (  MHz ) 

Fia.  8:  ATTENUATION  OF  CABLE  TYPE  1 


o  1  1 

FREQUENCY  (MHz) 


Fig.  10:  MINIMUM  RETURN  LOSS  VALUES  ON 
CABLE  TYPE  1 
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( Xljm  ) 


01  I  10  100 

FREQUENCY  ( MHx ) 


Moreover,  the  behaviour  of  both  curves 
vs.  frequency  is  completely  different 
ie.  while  in  cable  2  the  FEXT  figure 
increases  from  1  up  to  10  Mhz,  the  behav¬ 
iour  of  cable  1  is  the  exact  opposite. 
The  values  obtained  beyond  the  frequency 
of  10  Mhz  cannot  be  taken  into  consider¬ 
ation  because  of  the  effect  of  standing 
waves  in  the  short  length  of  cable  under 
study . 

This  conclusion  is  consistent  with  the 
results  obtained  in  Fig.  14  and  Fig. 
15  for  the  transfer  impedance  of  both 
cables.  The  addition  of  a  laminated 
aluminium  foil  to  the  copper  braid, 
closes  the  loopholes  of  the  outer  conduc¬ 
tor  to  electromagnetic  radiation,  provi¬ 
ding  a  much  lower  transfer  impedance 
than  that  of  the  cable  which  only  has 
a  single  copper  braid. 
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Abstract 


Current  submarine  tow  cable  systems  are  usually 
based  on  a  standard  quad  core  design,  or  a 
coaxial  cable,  which  are  encased  in  cellular 
material  to  achieve  a  neutral  buoyancy.  However, 
cellular  materials  are  compressible  and  under 
pressure  will  be  compacted  and  thus  the  neutral 
buoyancy  can  be  affected.  This  can  significantly 
influence  operating  parameters. 

From  a  systems  analysis  of  existing  towed  array 
cable,  it  becomes  apparent  that  it  was  feasible  to 
design  a  new  generation  of  thin  line  hard  wire 
cables  which  met  the  signals  requirement  and  were 
neutrally  buoyant.  The  reduction  in  copper  cross- 
section  area  and  the  use  of  Kevlar  fibres, 
reduced  the  overall  diameter,  without  the  need  to 
introduce  cellular  foam,  and  enhanced  the 
operational  performance  of  the  cable  system.  It 
also  allowed  existing  handling  equipment  to  be 
used. 

The  paper  describes  the  design  aspects  of  an 
operational  37  quad  submarine  tow  cable  referencing 
test  programmes  and  towing  at  sea. 


Introduction 


Current  submarine  tow  cable  systems  are  usually 
based  on  a  standard  quad  core  design,  or  a 
coaxial  cable,  to  a  similar  design  as  that  used 
for  surface  ship  applications.  Hcv;cvwi"  fv>r 
submarine  application  it  is  necessary  to  have  the 
cable  system  designed  for  neutral  buoyancy  so  that 
the  cable  remains  in  a  horizontal  position  behind 
the  submarine  and  does  not  tend  to  float  or  sink. 
This  is  particularly  important  since  the  density 
of  sea  water  can  vary  and  sudden  change  of 
isotherms  can  occur,  both  of  which  can  have  a 
significant  impact  on  operational  performance  of 
the  submarine  whether  it  be  a  hunter  or  a  target. 

Since  most  of  the  conventional  cable  systems  would 
be  too  dense,  it  is  usual  to  encase  the  core  in  a 
cellular  material  to  achieve  the  neutral  buoyancy. 
However  cellular  materials  are  compressible  and 
under  pressure  will  be  compacted  thereby  affecting 
the  buoyancy.  It  was  considered  that  the  use  of 
aramid  fibre  reinforcement  in  place  of  steel 


armour  wire  could  reduce  or  even  eliminate  the 
use  of  the  cellular  material. 

As  a  result  of  a  reappraisal  of  the  problem  a 
new  and  novel  solution  was  developed  based  on  a 
Mini  Quad  concept. 

Systems  Analysis 


All  tow  cables  have  to  be  designed  to  meet  a  data 
transmission  capability,  limitations  on  cross 
talk  and  be  capable  of  withstanding  the  mechanical 
loading  associated  with  towing  a  body/array  at 
speed. 

It  was  quickly  realised  that  a  surface  ships  tow 
cable  has  to  be  longer  than  that  for  a  submarine 
because  of  the  need  to  get  the  cable  down  to  an 
appropriate  depth.  As  a  consequence  of  the 
shorter  length  for  submarine  application  the 
electrical  parameters  such  as  attenuation  can  be 
relaxed  but  still  meet  the  overall  systems 
requirement.  Similarly  the  shorter  length  reduces 
the  flow  induced  drag  and  therefore  the  mechanical 
loads  are  reduced. 

Thus  having  established  new  parameters  to  be 
achieved,  it  was  necessary  to  consider  the  design 
of  the  electric  centre.  Various  forms  of  cables 
based  on  quads  or  pairs  were  theoretically 
appraised  and  compared  with  single  and  multi 
coaxial  cables. 

In  order  for  a  coaxial  cable  to  replace  a  pair  it 
is  required  to  work  at  twice  the  data  rate.  For 
a  coaxial  pair  to  replace  four  quads  then  the 
coaxial  system  would  have  to  operate  at  8  times 
the  quad  frequency.  Increasing  the  frequency 
increases  the  attenuation  losses.  Provided  the 
power  feeding  and  telemetry  is  capable  of 
handling  the  data  rates  then  a  coaxial  cable  is  a 
feasible  solution  in  terms  of  electrical  parameters. 
However,  the  system,  is  vulnerable  as  one  component 
failure  leads  to  a  total  loss  of  transmission. 

There  are  also  design  problems  associated  with 
flexible  coaxials  pairs  of  conventional 
constructions  in  a  tow  cable  configuration,  namely 
inter  pair  crosstalk  and  fatigue  failure  ir.  the 
outer  conductors  and  in  particular,  the  braided 
construction.  Armoured  tow  rabies  have  been 
successfully  designed  to  survive  fatigue  endurance 
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testing  and  these  usually  have  been  based  on  a 
copper  tape  outer  conductor. 

However,  in  the  case  in  question  it  was  determined 
that  systems  vulnerability  was  a  key  operational 
factor  and  therefore  the  system  dictated  that  a 
quad  type  construction  should  be  used. 

Mini  Quad  Design 

In  addressing  the  design  of  the  cores  it  was 
realised  that  conventional  quads  were  over 
designed  for  the  operating  requirements  and  that 
a  reduced  size  of  quad  cable  -  so  called  Mini  Quad 
would  be  adequate.  There  was  only  two  problems. 
How  could  a  fine  wire  quadded  core  be  built  which 
extended  the  manufacturing  technology  to  its 
limits  and  would  such  a  system  withstand  the 
mechanical  loading? 

A  considerable  amount  of  effort  went  into 
determining  the  process  parameters  evaluating 
materials  to  come  to  a  satisfactory  conclusion. 
Early  attempts  were  not  all  successful  due  to  a 
tendency  for  the  wire  to  break  during  the 
stranding  operation  but  all  the  problems  were 
gradually  overcome  and  a  quad  with  a  nominal 
diameter  1.35  mm  produced.  This  can  be  compared 
with  the  standard  quad  with  a  nominal  diameter  of 
2 . 79  mm  ( F igure  1 ) 

Having  established  the  size  of  the  cores,  a  design 
of  a  37  quad  was  established.  This  design 
utilised  aramid  fibre  strength  members  in  place 
of  steel  wires  since  aramid  fibre  has  a  much 
higher  specific  strength  capability  which  was 
essential  for  the  achievement  of  a  neutrally 
buoyant  cable. 

It  was  found  that  the  fretting  and  abrasion  of  the 
aramid  fibre  would  be  a  long  term  problem  for  inis 
type  of  cable  and  therefore  consideration  was 
given  to  the  use  of  a  resin  impregnated  aramid 
fibre,  which  is  available  as  round  or  strip 
sections.  These  were  successfully  incorporated 
in  the  cable  design.  An  oversheath  of  polyethylene 
was  considered  necessary  to  avoid  problems  of 
ultra-violet  light  degradation. 

The  final  design  for  a  37  quad  cable, i 1  lustrated 
in  figure  2,  produced  a  cable  of  ?4 .5  mm  diameter 
compared  with  the  standard  cable  design  of  44.0  mm 
diameter . 

The  reduction  in  the  amount  of  copper  and  the 
elimination  of  the  steel  armouring  created  a  cable 
design  which  is  neutrally  buoyant  and  which  does 
not  suffer  from  the  problem  of  compression 
affecting  its  density  and  hence  its  position 
relative  to  the  submarine. 

One  of  the  spin  off  benefits  from  the  design  of 
the  electric  centre  is  the  fact  that  if  is  a  very 
flexible  unit  and  it  is  now  being  considered  for 
use  in  wiring  harnesses  for  tow-bodies  where 
space  and  accessibility  are  at  a  premium.  The 
size  and  weight  reductions  in  this  cable  system 
can  improve  the  overall  operational  capability  of 
the  platform. 


Termination 

From  the  onset  it  was  decided  that  the  termination 
must  be  compatible  with  existing  units  and  to  meet 
the  current  operational  charac ter istics . 
Fundamentally  there  were  no  problems  from  a  design 
point  of  view.  In  order  to  achieve  a  full  water 
blocking  termination  a  glass  to  metal  seal  was 
adapted  within  a  termination  housing.  It  was  more 
difficult  to  develop  the  processes  and  procedures 
from  the  practical  point  of  view.  It  was  necessary 
to  develop  the  skills  for  handling  small  siz*= 
conductors  and  specialist  techniques  had  to  be 
developed  for  taking  the  end  loading.  Techniques 
used  for  "potting"  armour  wire  could  not  he  readily 
used  with  the  resin  impregnated  aramid  fibre.  An 
outline  design  is  illustrated  in  Figure 

All  these  challenges  were  met  and  a  satisfactory 
termination  developed. 

Trials 

The  proof  of  any  system  is  in  the  physical 
performance  and  a  major  programme  of  evaluation 
was  undertaken  by  the  U.K.  Ministry  of  Defence. 

The  following  series  of  tests  were  undertaker.. 

(1)  Tensile  testing 

(2)  Torque  balance  evaluation  under  load 

(3)  Vibration  testing 

(4)  Cyclic  loading  (Tension  -  Tension) 

(5)  Reeling  tests 

(6)  Sea  trials 

Many  of  these  tests  were  undertaken  on  equipment 
similar  to  that  described  in  a  paper  by  Smith 
and  Carter  at  the  36th  IWCS.  (Ref.  1) 

Obviously,  the  full  data  cannot  be  revealed  but 
it  is  sufficient  to  report  that  the  new  Mini  Quad 
system  met.  all  the  land  based  test  requirements 
and  two  systems  were  evaluated  at  sea  to 
investigate  the  Mini  Quad  ability  to  perform 
under  different  operational  c  i  rcumst.ances .  Again 
then  trials  were  successful  and  *rhe  new  cable 
system  is  being  introduced  into  fleet  service. 

The  trials  showed  that  the  cable  system  could  be 
used  in  place  of  all  other  submarine  towed  array 
cable  systems  and  iz  compatible  wi+h  existing 
cable  handling  facilities. 

Cone  1  us  ions 

A  novel  design  of  submarine  towed  array  cable  has 
been  developed  having  met  all  the  system  and 
operational  requirements.  This  Mini  Quad  system 
is  now  being  introduced  into  the  fleet  operation 
as  an  alternative  to  existing  cable  systems. 

Reference  1  T.  R.  Smith  and  D.  R.  Carter.  Fibre 
opt. ics  in  dynamic  strain  cables,  36th  IWCS, 

November  1987. 
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ABSTRACT 


A  major  new  finding,  a  striking  at  a  first  sight  phenomenon,  is  present¬ 
ed.  In  transmission  lines  with  small  amounts  of  magnetic  material  incor¬ 
porated  in  their  insulation  losses  at  high  frequencies  are  substantially 
reduced.  In  light  of  the  marginal  inductance  increase,  this  behavior  is 
attributed  to  the  decrease  of  the  induced  eddy  currents  within  the  con¬ 
ductors.  The  incorporation  of  low-loss  ferrites  leads  to  optimized  de¬ 
signs.  Heavy  doping  p.ovides  advantageous  distributed  inductive  loading 
but  light  doping  is  also  beneficial.  In  both  cases  the  formed  hollow 
magnetic  cylinders  surrounding  each  conductor  quide  the  maonetic  field 
of  adjacent  current  carrying  elements.  The  reduction  of  the  flu*  inter¬ 
cepting  the  conductors  translates  into  reduced  eddy  currents,  particu¬ 
larly  at  high  frequencies.  Nearly  optimum  operating  condition  is  accom¬ 
plished  with  low  loss  ferrites  when  mixture  permeability  is  10.  Liahtly 
doped  cables  still  exhibit  reduced  losses,  while  all  the  other  transmis¬ 
sion  characteristics,  including  impedance,  remain  practically  uncharged. 
They  can  be  used  in  new  or  old  systems  without  terminal  modif icat ions. 
The  light  doping  does  not  require  major  manufacturing  process  chanqes  or 
speed  reduct  ion, which  can  be  a  drawback  for  heavily  loaded  cables.  Expe¬ 
rimental  twinaxial  cables  with  AWG20  stranded  conductors  show  half  the 
attenuation  in  the  MHz's  region,  but  no  other  major  change. 


INTRODUCTION 

Information  transmiss ior  systems  can  be  divided  into  wired  and  wireless. 
For  a  number  cf  vea-s  most  of  the  attention  and  process  na?  beer  'ocus- 
ed  on  wireless  VansT'ss’on,  with  the  latest  ma'pr  ac* i°vement  beino 
communications  $2te”ites.  -*  the  same  time  w'rer  systems  hav*  made 
little  progress,  with  the  exception  of  ootica’  *,be'-s  whic*  tend  te 
revolutionize  tnis  fie’c.  Convent ’ona'  metallic  cablet  nave  reached  a 
leve’  o'  apparent  De>-fe:tion  wmrn  advances  on'v  maro’na’lv.  It  seems 
as  i '  metal  ’  >c  cafles  are  destined  tr.  d’saooear.  However,  tn's  pseudo- 
OPtimum  is  the  ’i-it  'cm  "etal'iic  cables  wr»cr  uti 1  we  crnduttors  and 
insulators  tc  transmit  e iect rpmaonet ic  a  vita*  'o-Porent  ,f 

massing  'rom  these  conventional  cables  an-  tnis  is  m»anct’c  macer?e's. 

'ransmission  'met  w-tr  nut"  improves  rmse-ties  have  beer  -e^one"  bv 
incorporating  low  loss  magnetic  materia’4  m  the  car’e  strjcture.  -a*-', 
of  the  insulation  if  occupied  pv  a  Ti*ti.'s  o'  **',it* 

powder  embeded  in  a  suitable  nonconducting  mat-*x.  -v**  t*ouqr  t*e 
permeability  of  compound  materia'  is  substant  i*’ i v  ‘  iwe-  tnr  th>* 
of  the  ferrite  used,  for  practica’  doping  ^vels,  t  ’S  adequate^ 
result  in  much  improver  pr0Derties  o'  tn*>  *-ran$.-is$ior  ' ’ ne.  ’"e 
magnetic  material  acts  ir  two  distinctly  di"er?nt  wavs.  It  p-ovides 
additional  inductance,  whicr  compensates  the  insulat'e*  capacitance,  and 
i*  modifies  the  current  distriputior  over  the  conductors  cross  section. 
Tne  first  action,  alone  witn  the  desired  prooert ies .o'  the  -aanetic 
materia)  used,  has  bee"  described  oy  Dartak abides  et.al  .  rhe  invest  aa- 
tion  of  the  second  action,  whign  ir  supported  bv  experimorta’  remits, 
is  the  purpose  o'  the  present  treatment.  It  starts  with  a  sho**!  overview 
of  key  desian  guidelines  which  aoplv  to  a!1  maanetica’lv  doo*»d  cables. 
Additional  and  new  ones  focus  on  the  individualities  o'  cable  desians 

which  aim  at  utilizing  onlv  the  action  o'  the  maanetic  materia*  fiat 

modifies  the  current  distribution. 

Following  this  overview,  is  2  |-?f?,"-a’  to  the  theoretical  and  exner i-®n. 

tal  studies  on  the  skin  and  pr0*ifl,itv  cherts  o'  current  :a"inc  condu¬ 

ctors.  ’he  importance  o'  tne  proximitv  effect  at  hiah  'roQjpn; ie4  'S 
pointed  out,  Tnis  estac’ishes  the  value  oe  any  .gpsign  whir*-  "■ 1  r-r-zes 
•  nr,  effect  and,  consequent1  v.  results  ir  improved  oer'^r-ance  tra^s'-'4- 
Sion  iirx?s.  Tn»  section  concludes  with  the  prosentat inr  o'  a  'or^a1 -ra¬ 
tion  which  is  va’id  *0'  an>  ’EM  ^Transverse'  Electric  •*agnef' 
transmission  ’:ne.  At  tne  same  time,  tnis  'nrmal  i2at  m*1  rrov’i0--  *h«= 
boundary  between  tne  mduct’ve  action  an-4  me  proximitv  - > : zat  •  r 
action  o'  the  magnetic  material  incorporated  in  tne  cable  msuiat'or.. 


Concludinqthe  theoretica’  support  is  a  section  on  the  effect  o'  maonet¬ 
ic  fields.  It  is  shown  that  even  relatively  magnetically  weak  walls  pro¬ 
vide  effective  paths  fo-  the  external  magnetic  field  lines. This  fact  and 
the  power  distribution  over  the  cross  section  of  a  twinaxial  transmissi¬ 
on  line  explain  the  important  experimental  findings  that  follow.  Thr$e 
experimental  findings  are  expressed  in  terms  of  the  primary  and  seconda¬ 
ry  properties  of  twinaxial  cables.  Their  careful  examination  reveals 
the  major  performance  differencies  between  the  inductively  loaded  and 
the  proximity  reduced  cables.  They  also  suggest  the  respective  potential 
applications  of  each  cable  type. 

Th0  presentation  conc.uoes  witn  a  discussion  which  attempts  tc  identify 
the  relative  ‘‘pros”  and  "cons"  o'  the  two  cable  types  and  their  r.;iatiPn 

tc  Ctner,  competing,  t  ra  r>sm  s  ^  p\odvj. 


PART  THEORETICAL  SUPPORT 
A|  Magnet i  Materials  i_n  Cables 

So':  maoneti:  "*ateria’$,  wmcr  nave,  ’’near  rna'artf'T’':''.  *•■«.  trad*. 
tiona'lv  used  for  transformer  cores,  ’he  n''nj'v  prpperti  0'  * nterojt 

1  r.  tnat  case  is  tne  st**onc  oe^^eac ■  '  ’ t v  wr-co  p*>nv 1 0*7.  acequ*''  ' nduc - 
!?or  tc  tne  secondary  circuits,  .esses  associated  n’t-  tie  magnetic 
material  are  ce  secondary  importance.  cor  tnat  r?asor  tnese  materia’4 
are  optimized  with  ripest  to  permeability  and  only  verv  ctv-oac*  ones, 
in  tne  case  0*’  powder  cores,  are  0'  interest  to  ?rans'nrmp.-  cesion®rs. 
It  is  we’’-  Known  tnat  smal'  voids  ir  the  magnetic  mater ’al,  oarticu’artv 
toose  located  inside  tne  ara’ns  composme  tne  powner,  resu’t  ir  «frnnt: 
demaonet  1  r  1  no  fields  and  sujxr  an*  •;  a  *  'eductior  0'  the  oer^ear  ’ ' 't  v. 
’See  'or  Exampie  won ’'art*- '  i.  wner  tne  volume  occupier  bv  tne  nooTao_ 
net’C  substance,  air-void  or  other  material,  is  comparable  to  the  vo'ume 
occupiec  bv  the  maanetic  materia’  tne  Dermeabi l  it y  ’■PSucti'i''  ' s  v*>rV 
Sharp  anc  nonlinea”  with  reSDect  to  the  relative  volumes  0'  maqn^tic 
and  non-magnetic  substances  0'  the  composite  materia1  Hadakarides-^l. 
This  is  a  very  undesirable  e'fect  for  materials  used  in  transformer 
cores . 

On  the  contrary,  tnis  nonlinearity  does  not  constitute  a  d’sadvantaae 
for  materials  used  m  transmission  lines.  Manuf actur i nc  soeed  and  mecha¬ 
nical  flexibility  dictate  the  maximum  amoun*  0'  maanetic  '"ater-a1 
the  insulation  wall.  'or  commercially  available  insu’atino  materials  t*e 
maximum  doping  leve’  is  around  5C-60*  per  volume.  Even  with  tnese  dcpinc 
levels  many  polymeric  insulations  become  frac’^e.  Experiments  have  show- 
ne  that  the^e  exists  at,  l®ast  one  insulator  wh'ch  keeps  ’ts  ®lastic4j>y 
at  tnese  dor-*no  levels  .  ’neoretica"  predictions  bv  jadakar ,des  * 
and  experimenta'  resui»s  have  showr  tnat  ’ nsu'ator*  dope-  *•*>■  Ebt  po^ 
volume  'errite  rosu 1 t  in  fixtures  that  have  relative  oerTeat ; ' i t v  close 
tc  E.’.  Tms  value  is  nea*Tv  independent  o'  tne  ■'e’jt’vs  oermcab *  ! itv 
of  the  pure  fer-'^te,  as  "one  as  the  latter  ’s  much  *■  ’ ak?-  toa* 

Tne  st'cnc  demaanet  i2at  icr  wr-lcn  '■educes  tne  oer^eab'  ‘ 4  tv  re¬ 

duces  tne  magnetic  losses  as  well. 

Even  though  tnese  values  are  clearly  unacceptably  low  'or  trans'e-mor 
cores,  they  are  perfectly  acceptable  'or  cable  structures,  ’he  primary 
property  for  maanetic  materials  used  in  cab’es  is  low  maonetic  losses, 
wni’e  the  value  0'  Dermeabi  1  ity  is  of  secondary  importance.  Th’?  enndi- 
ticn  is  the  opposite  from  that  whicn  is  necessarv  'or  trans'orn»>-  :ores. 
The  regu irement  for  low  losses  and  the  insensitivity  0'  the  mixture  per¬ 
meability  to  tnat  of  tne  pure  ferr’te  act  4r  a  svnerqestic  wav. 

There  is  an  inherent  trade-off  for  any  maanetic  materia’:  the  hiQheri'ts 
permeability,  the  lower  its  cut-of'  frequency,  ’he  C'.t-of'  'roaupnev  is 
de'ined  as  that  at  which  the  D.C.  permeability  drops  by  hot  and  at  the 
same  timr  t"e  man  net  ic  *nss»:  r  a  max  imij*-.  "no  svno-T, 

'iCt  that  One  car  vti’-’e  'pr^.»es  with  'nw  por-pab-1  1  't  v,  r.nr^e  i-vw 
iosse4  a*  r"’Qr  'reqijpnc 'PC ,  ‘Tou*  s-‘ri'ic*nc  t”r  ,''*tjrf  po— e>‘-;  1  -  ‘y 
’ r  tne  dco’nc  °ve’  rapQP  <•*  ’ nterest.tnjt  ’S  ;°’nw  no-  v'  :-,e. 

-  d  Of  ’  1C  iOVt  ■  '  ’  r  t  r'f-  JPC-Pr  P.*rt  0'  *'anOP  tne  •>  *  "  c  ■  (  ’ni.j-. 

“;  ;£■!  y  ”> 2  d p  -  a  nd  ■'  ~  00  r  ra*  •  ?^o ^  >r,  v  ^  1  nB  *  *  '  >.  '  ’  V  '  »  -  ’  r  ’  W  _  ""  ’ 

'nt  'o».  laonet*:  esc  -oq^  -o-or*  r -rta*e4  ,''c  .'c 

r  ’  nt  and  POSSit'v  Vr-.’  r  ‘•■^Trariese-r  ’  nc  'pr^-tnc,  'r—  ow*r  ‘  'o^.jo  n. 

C  IPS.  **  '  ?r-oo  v3r,0.v  r-t  '  r.'-oc-s  *  '  nr  'n.-  '  i-C-nr  n*  -a-o-  a'r 
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exist  and  many  of  them  incorporate  minute  quantities  of  other  addi¬ 
tives  which  improve  their  performance,  ft  fai^lv  extensive  referral  tc 
these  materials  and  their  properties  was  presented  by  Dada^a^ides 
et.al7. 

Anumber  of  observations  and  rules  of  thumb  have  been  included  i**  tre 
same  reference,  Two  of  most  relevance  to  the  present  treatment  is  the 
description  of  the  basic  “cat  le  cell"  and  tne  behavior  of  mlC  at  diffe¬ 
rent  frequencies.  The  “cable  cell"  is  composed  of  the  conductor  which  is 
covered  by  the  insulation.  Part  of  tne  insulation  is  occupied  by  the 
composite  magnetic-nonmagnetic  mixture,  which  in  effect  constitutes  a 
cylindrical  wall  that  surrounds  the  conductor.  The  best  location  for 
this  wall  is  right  next  to  the  conductor.  Also,  it  M  preferable  to 
have  a  tn inner  and  heavily  doped  wall  rather  than  a  thicker  and  Mohtly 
doped  wall,  for  a  given  amount  of  available  magnetic  material. 

The  *IC  cable  performance  over  a  frequency  band  starting  from  O.C  ’s 
divided  in  two  sub-bands  by  the  "critical  frequency".  Belcw  the  criti¬ 
cal  frequency  the  MIC  exhibits  improved  performance  with  resoect  to  the 
unloaded  cable,  while  above  this  frequency  the  MLC  exhibits  worse 
performance.  The  critical  frequency  is  closely  related  to  the  cut-off 
frequency  of  the  ferrite  used  and  denotes  the  point  at  which  the 
magnetic  losses  of  the  ferrite  start  to  dominate.  This  frequency  is 
also  ciusely  related  tc  the  amount  of  the  ferrite  used.  K  the  dopino 
level  it  substantially  lower  than  50t  per  volume  the  sharp  reversal  from 
improved  to  degraded  performance  is  not  present  because  conductor  losses 
dominate  eve:,  at  high  freouencies  when  good  quality  ferrites  are  used. 

When  the  dooing  level  is  substantially  lower  than  50*  per  volume  the  in¬ 
ductive  loading  is  almost  negligible.  However,  the  oresence  o*  ‘.he 
magnetic  material  still  modifies,  to  a  lesser  extend,  the  maanetic 
field,  "he  guidance  of  tne  field  by  the  magnetic  wa11  results  in  a 
reduction  of  the  number  0*  Meld  lines  that  cross  the  adjacent  conduc¬ 
tor.  Consequently,  tnecurrent  distribution  over  the  conductor  c  oss 
section  changes.  The  net  result  is  a  decrease  of  the  induced  eddy 
currents. 

When  good  duality  ferrites  are  used  this  action  of  the  lightly  dooed 
insulation,  which  is  a’so  present  in  MlC's,  offer.,  the  advantage  of 
reduced  eddy  losses  without  the  disadvantage  of  oerformance  dearada- 
tion  beyond  a  critical  frequency.  The  complementary  rule  of  thumb,  to 
those  for  MLC’s,  states  that:  low  doping  levels  still  result  in  improved 
performance  via  a  phenomenon  which  is  not  related  only  to  the  insulation 
but  to  the  conductors  as  well.  For  reasons  which  will  become  apparent 
these  cables  are  called  Reduced  Proximity  Cables  (RPC).  The oecul iarity 
of  RPC's  rests  on  the  fact  that  modifications  in  the  insulation  leave 
its  properties  virtually  unaltered  but  chanae  the  apparent  orooerties 
of  the  otherwise  unaltered  conductors.  The  nature  of  this  action  is  as 
Such  that  cyl  indrical lv  symmetric  structures.  Mice  coaxia’  cables,  hr 
not  experience  it  while  asymmmetric  ones,  such  as  twinaxig*  cabies.do 
experience  it. 


High  Frequency  Resistance  of  Conductors 

The  most  significant  eluent  oe  a  conventional  meta’lic  t-ansm's ;o" 
i$  the  current  car-viic  conduct's.  lrnnirai 1 th><  i?  a’sc  t’>e  e'e^on* 
of  least  perfect  ipr.the  one  that  int'oauce s  most  oe  the  Msse?  who-  apry* 
qua1  itv  insulator?  are  used.  Ideal1},  at  D.C,  the  currant  M 
distributed  over  tne  cross  sectior  oe  conductors  witn  smoot"  surfaces. 
Wnen  edaes  are  present  tner®  gro  some  ^oca’  disturbances  c*  th<?  unMn-- 
mitv  near  the  edges.  Or  the  contrary,  alternating  currents  create  time 
varying  magnetic  fields  which  induce  voltages  that  destroy  tne  unborn 
distribution  of  current  in  any  tyoe  0*  conductor. 

Wnen  the  origin  of  the  induced  voltage  lies  w  ‘  h  i  n  the  same  comuctor, 
wnero  the  induction  taxes  place,  the  ohenomenon  is  caMed  "skir  effect". 
It  forces  the  current  to  redistribute  in  such  a  way  that  most  o *  it  con¬ 
centrates  near  the  conductor  surface.  Alternative1 v, when  the  orioin  lies 
within  another  conductor, located  at  a  finite  distance  from  *ho  conductor 
where  the  induction  takes  place,  the  phenomenon  is  called  "proximity  ef¬ 
fect".  The  current  rod i str ibut ion  depends  on  the  relative  positions  of 
the  two  interacting  conductors,  the  intensity  and  the  direction  of  the 
currents.  Tn  stranded  and  twisted  conductors  a  third  and  similar  pheno¬ 
menon,  the  "spiraMty  effect", i ntroduces  an  additiona1  current  distur¬ 
bance,  kennel  ly  et.aM1'.  In  that  case  ‘he  heMca!  pat*  o'  each 
strand  introduces  a  longitudinal  maqnetic  field  component,  ^nc?  the 
maanetic  materia’  pf  the  insulation  reshaoes  on1v  the  tranxversa’  field 
components,  only  the  skin  and  the  proximity  effects,  and  particularly 
tne  latter, is  of  importance  in  this  treatment. 

1 )  Sk  i  n  Effect:  Metallic  conductors  and  phenomena  associate'-’  wM*-  the 
cone  u '  1 1  o  n  r,f  current  attracted  the  attention  cf  m«st  tne 
names  in.  Electrical  ZpQ*  neer  i  ng.  oartia’  1  j$.t  ioc’dle?  "axw®”  •, 
Heaviside*  ,  5ov"t Inc'S  R av1eiQh<'*',  and  Kelvin*-.  r'urinc  th«  **•  pe«-i<>d, 
wnicr  end?  around  1915, a  br0ac<  definition  of  skin  effect  ’ ncMded  *l'° 
proximity  effect  as  w ef:,  even  thouc"  mes*  oe  the  treatment*  appear  tc 
concentrate  on  tne  selr-i nduction  associated  with  the  Dur?  s*ir 
as  tnis  's  aef'ned  in  this  treatment,  "he  expression  for  tne  nar-pw-iy 
defined  skin  effect,  which  utilizes  the  ber  and  bei  Besse'  functions 
wit",  comple*  arguments,  which  is  used  unti’  ou'  days,  was  intrrduced  bv 
Kelvin  in  1889.  Fundamenta’  exDeriqienta1  and  theoretical  invest  oat  ions 
were  conducted  $y.  Kennel  lv  et.al  Extensive  reseat*  was  conducted 
by  Dwight  in  5,‘u,'1*1  among  ether,  who  also  introduced  a  clear  differen¬ 
tiation  Between  skin  and  proximity  effects  and  the  "simiMtude  princip¬ 
le".  An  interesting  and  different  aoprp^^  more  suitable  to  nume-icai 
solution,  was  presented  bv  Si  lvester^ .  it  utilizes  the  concept  o' 


modal  theory  to  calculate  the  skin  effect  of  conductors  with  complex 
shapes. 

The  skin  effect, and  along  with  it  the  losses  originating  within  the  con¬ 
ductors,  becomes  more  profound  as  frequency  increases.  An  absolute  indi¬ 
cator  is  the  “penetration  depth"  f.  which  is  defined  as: 

5  -  (nfuo)'1*  (1) 

where:  f  is  tne  freauenev  in  Herz 

i-  is  the  permeability  o*  the  conductor 
o  is  tne  conducts v* ty  of  the  conductor 

The  penetration  deotK  is  a  phys'cally  meaninofu11  Quantity.  It  is  the 
thickness  of  a  laver,  with  infinite  dimensions  and  radius  of  curvature, 
which  carries  a  uniformv  distributed  current  that  causes  the  same  losses 
as  tne  real  ri:  st  Moy*  cf  current  carried  by  the  conductor  under 
examination  per  jnit.  The  surface  materials  or  the  laver  and  the  ea’ 
conductor  nave  tne  same  electromaanet ic  properties. 

-or  practical  conductors  with  finite  dimensions  and  curvature  a  relative 
indicator  is  more  helpful  than  the  penetration  depth.  The  similitude 
principle  state'  that:  for  conductors  with  arbitrary  but  proportionate 
snape  the  skin  effect  is  tne  same  as  lone  as  the  conductors  isolated 
and  tne  normalized  frequency: 

p,  (—I—)1*  (O.f)15  (2) 

*DC 

is  the  same.  Rdc  is  the  D.C.  resistance  of  the  conductor.  The  relative 
indicator  p  is  proportional  to  the  product  (of)*'"  within  a  geomet¬ 
ric  constant.  A  more  generalized  indicator  q  can  be  used  which  in¬ 
corporates  the  magnetic  properties  of  the  conductor  as  well.  It  is 
defined  as: 


3=  -  '3) 

5 

where  r  is  t£e  conductor  radius  of  curvature.  The  indicator  o  is  pro- 
portial  tofofuT*  within  a  geometric  constant.  There  are  two  "soft  bounda¬ 
ries"  for  q  which  define  the  low,  intermediate  and  high  freauenev  ranges 
as  seen  from  the  conductor  size  and  conductor  properties  point  of  view. 
The  intermediate  range  is  defined  by  the  inequality: 

1 .A  <  3  <  5  (4) 

For  values  of  o  smaller  than  1.4  the  current  is  almost  uniformly  dis¬ 
tributed  over  the  conductor  cross  section,  which  is  said  to  operate  in 
tne  low  freauenev  ranqe.  *ner.  C  is  laroer  than  F  the  Current  occupies  3 
thin  layer  close  to  the  conductor  surface,  the  conductor  operates  i*  the 
hiah  freauenev  ranqe  anr  *.ne  strpnq  skin  effect  increase?  the  resistan¬ 
ce  marked 1  y  above  -ts  E.E.  value,  jr  the  i  ntp-ne-j  *  ate  ranqe  th® 
effect  is  moderate i ■.  strqnc  an1-  tne  currer*  ^oyer-  nonun* * om 1  v  distribut¬ 
ed,  OCCwpie?  >1  *  pf  tne  '  p  nd  j  ftpr  Cross  SPCtipn. 

'  -  tne  pas'-  Ce  Dure  s<: ,p  °f£°Ct,  w^id"  present  n-’v  wner  *he  CPnduC- 
tpr  ’s  -sdated  jnd  at  'r^-n*te  distance  fro*-  -the-  current  carrv^nc 
tne  C’rtu'ar  i  /*T*iefv  r>*  conductors  <s  mg  int? ’no-  tne 

Cjrront  Cist' iput  Ipr.  tne  ro-t-a-v,  tr,s  S  V-'net  r  V  ’?  net  proepn*  wner 

i*'*T  0**0  C  f  '  are  *%n  r  .  ->©-  '  '  ;  '  t  "  e . 

ill  Proximity  Effect:  rne  jssu-'ot  or  j«  M-’s*.?''  cnnoictpr  jn-oa. 

-Stic  because  tne  -o tj- -  rat-  experiences  a’^av'  at  a  distance. 

'-'5  coupler  syste  q- -anc-rofj-r  path?  e*oe-;ences  ?  --ne.  a- > TSt  -pn 
pf  tne  5 ,  •  r  of  £ect,  a:  £ar  ac  thc  "a3riet'c  '  nc,c‘ ' pr  ^jnr-ena  are 
concerned.  The  'nit. a'  ?tu','e?  appear  to  navc  focused  or  the  cjr?  $kir 
ef  *  ect  because  at  tne  "o»>  ooerat’nc  ''“qj?":'??  t"at  t,me  the 
pmoximi*/  e^^ect  ’S  almoct  unopserva^ :  O'  9nvs’Ca'’v,  the  two  phenomena 

are  tne  sa^e  natu’"oi  name"  .-  mac  et’C  i nduct  icr..*"e  oec'S’ve  d'ffer?n- 
c '  ’s  tne  n- < q  1  r  q*  »_ne  •  nduc i  nc  m a q ne t  •  c  £ avenue?  fo' 
r  e  o?r  g 1  2  at  i  or  cf  tne  s  ' r  *erc  fr’’o  wed.  r,ne  ‘ed  tc  resoa--nes 

jr  como'iex  shapes  oe  Moated  conductor^  and  tne  othe-  to  roso^-c^s  nr 
tne  roa-  Drox'mit^.  effect  ’?  $vs,e,"s  or  conductors.  Owiaht  • r 
Silvester  in  ^  ,  fp‘  'p^  .  .the  f*-st,  avenue,  whii^  Dwiqht  in  "*• 

anc  Kennelly  et.a’.  m  *-^1  ,  Carson^1,  Butter-wortn  r  f.-”pw  the 

second.  Both  type?  oe  qe  n?ra 1  izst  i  ons  reou’r?  the  use  o'  n^ne-  order 
Bessel  functions,  for  cy’indricai  svmmet-y,  o-  othe-  cpmpMcareH  fun¬ 
ction?  of  the  complex  araunents.  c  cMse  ’'ook  at  the  5-qumen*c  ro^pj1*; 
tnat  tnese  nave  tne  'o’-17  o'  no^a  i -i  ?od  deot*"  o#  penetration  si^’^ar  to 
indicator  g.  Th’s  verifies  tne  /glue  ce  c  as  an  indicator  induction 
anr  math?mat i ca ’ ’y  corf^-ms  tne  airegdv  state-"  ohysica'  ea-iva’enc®  cr 
the  skir  ar£  prorimitv  ef*o;tS. 

wner  alternat  i  nc  Current?  ,'f)p  ^  r  r 0 niu C t O' s  'o-cated  W’th-  r  close  orpr'i- 
r itv,  each  one  ' ‘  them  ’ es  w'tn**»  't?  nwr  “aonetic  f*?’d  an-  the  one 
created  bv  'ts  ne-qhsn?rs.  »c;TC'm:  t?  -aradav's  aw  tne  *”,'e  varying 
-agnet '■  c  f*u»  th;t  ' nte' cert c  a  cnncucter  creates  sr  ’i>ruc*’ve  vc'taoe 
w*';r  Generate7  -o-*s.  "nese  ’edr-.  -j--o r* - "  -ed'str'p^-f  tne  p-  -ia- 

r  v  C  U  r  —  e  nt  pf  tne  COnduCt.-'  1  r  a  wjv  thfl*  ‘'iCregsee  tn<"  ’-'SSes  pevond 
»*ie  eve'  -q- —  os  o  -  rp  '  r— ;  S*  '  r  c*'t.  "he  ‘hCro^sed  *0?Se7  I'p  C  ®  C  ^  ’  t  - 

»■  by  a  1  n ; - e a s ec  effective  -es'stance.  047  sica'^v,  tne  ^"on* 
cccupies  a  s^a'^er  per*  c*  t"e  c»,nductnr  o-rss  section.  pa-t  pf  wh^?*- 
is  ert  p  -  a  - 1  i  c  a  '  '  v  jr-.ti^'zed.  Fine?  the  '«*  5*.»n;p  ■  s  -wversn'v 
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proport  i  o  na  '  tc  the  ut  i  1  i  zed  ..conductor  cross  section,  ;ts  elective 
value  increases.  Butterworth3  observed  that  this  current  squeeze  ir. 
Stronger  when  the  interacting  conductors  carry  currents  tnat  'low  i  n 
opDosite  directions,  compared  tc  t^e  case  of  codirpct  'ona'  'low.  Ir 
practical  transmission  lines  the  interacting  magnetic  fields  ar?  non- 
uniform  and  the  qualitative  description  of  the  prcximirv  e''ect  is 
obscured  by  the  complex  mathematical  exoressions.  The  basic  characteris¬ 
tics  of  this  phenomenon  are  identified  if  the  simplified  case  o'  uniform 
magnetic  field  acting  on  a  conductor  is  analytically  treated. 


Suppose  a  circular  so  ’  ’C  conductor  ’ie$  w’tUp  the  soac*  ice  ;s •>*-  - .  =■ 
uniform  magnet’s  'i e'd  ncrma’  to  tie  conductor  a*'S.  Bv  car^.-oc  rS  »* 
integration  o^?r  conductor  t'c-ss  settlor  o'  tie  'nd.ce"  .•r’taae,  **. 
tjr<iS  out  t r; a t  tne  osses  generated  wi’/.m  tne  conductor  ►,  ti*  -on  . 
c  ■  oc  "’c-net’c  '’e.c,  oe*  ^ric  enotr  ar^: 


W  =  -  :  no2 ) . a2 o  j*32 
4 


'o'y)2 


*ne  o' tnc.  nor*  a'  cat's  c '  Bessel  'unct  ions,  necessary  tc  exoang  tne  *•&  tc 

created  o.'  any  c/ster  ?'  conductor;  cas*c  c^c.'a-  ’ r.. 

co'bo rates  tie  c  ’ndi  catcr  ’i*  tie  arqjp?it  o'  the  'unct'?rg.  "i*- 

Cir.srjrp-  •  r  a'’t  o;t  tie  ’i”’t*nc  cases.  .,r  tie  cc't-ar^  ••.-  jt  ■  m  *t  *' 
gippr  */j;  eco.  '  os  tec  ;*r.  a<  tie  'curtr  oowe**  c'  t-’t 
"C  a  very  strcnc  dependence  or  Prague ncv,  conduct’  vit  .■  a»v  pe^eat' 1  •  - 
t y  gf  tie  conductor ."ne  ’ nccrpor at ■> pr  c'  permeaoi  ’  ;tv  assumes  a  s ’ "T 1 ■  - 
'ied  '"ode*  tnat  neglects  anv  pnase  'ag  phenomena  associated  w’t*  magne¬ 
tic  -  conduct i  no  mater-ia’s.  It  ha*  been  attempted  because  tie  rpsu’tino 
equation  incudes  c  exp'-cnely  and  becomes  he’p'j1  in  co^par^shns.  ’he 
dependence  c'  eddy  'ossec  cr  the  souare  of  the  externa'  magnetic  'ie'd 
intensity  ’$  a'sc  o*  'jncamenta'  importance.  Ir.  p-act •  c a ’  svstems, 
where  tne  concuctgrx  a**e  ir  close  pro/im'ty,  the  intens;tv  -s  inversely 
oropqrt icna '  tc  t"?  d’stance  'rqm  the  generat’no  conductor. -n<»rofo»-e, tne 
eddy  'osses  /a'v  apprg/ '^3te' /  as  tie  souare  o'  tne  seDa-afcr  between 
tie  tend jctors/ie  dependence  on  tne  conductor  cross  section  Jre?  ’< 
a’sc  strong  anc  d’Ctates  tre  use  o'  t"i nner  conductors  'or  w<o*- 
cy  appl  i  cat  ions.  - 1 '  tnese  dependencies  car  be  ..expressed  bv  zr  “xtenc’pr 
c*  tie  c 't i ! tjce  p r-rc’r'e  ever  c-y  b*’qnt  r,tiat  states:  a  c’ver 

cc « a no- r ot jr f  t * r t j 1 1  cr,ace,  tie  proximity  e'fect  is  constant  at  'one  as 
tie  c  •  nd 'Catf  aic  c^e  'at'.os  *  a  anc  c  a  ««*c  - '  ^  -  a  - 1 .  ;r  f* 
cenerj'  case  t  ~c  tne  f1  c«  ness  c'  a  nc*’0w  conojctir^  >  •-  •  t :  rag-.J: 

•  so?'  p"  o*t®r  t  * '  ti«  ar  a"  sepjrat'cr  petw-eer  tn-  cc  an-  'etjrr 

conductors.  V’:  pr - n: i c ‘ e  car  be  ®x*.°iied  t-'  anv  nj-pp^  -r  conrjgtors^ 
as  *cnc  as  t"e  s^ape  c'  tie  $/ste~  s  constant  ■  gases,  -'cc, 

res^’ts  tra*  r©xp^  t:  ernduetprj  t^r>  pp  ;<,ec  £?'  ether 

shapes  as  we",  as  ’ndtcafve  and  aua,;cat*ve  information. 


strand’  rp. 


'neprpt  •  c  e  ’  ’  y .  there  are  tr,rBf  *avr  t r  a*tac»  cr'-*  1  r.  *  r  *  r-^r 

* *-eqjx*or v  'ps'stanrt  o'  a  set  rf  conpuctors.  'ne  ,e  ras*3"  -r  ^  <"»t*'«>",a- 

,  *  ■  ■  *)t  , 

tica  treatment  bv  Mannebac»  wi-  cons 'tors  *.i«-  be*’'  cas^  r  a r  •  n- 
' in'tesima'  conductor  'ocatec  »r  the  -:g,i,t.  c*  a  '•  r;te  cmn;c*."r.v 
rea1  proL’e"  *s  sc"/eC  t>v  div’d'nc  a  conductor  -ntr  ?  '  ros  "j*^-  i' 
1  i'i  nitesima'  cc  no  uctO"s  and  bv  ’iteorat'ng  *hpir  f:o'-s.  ,rnir  -o* 

: nvc ' ve:  d’fficu'*'  intepr^'s  c'  Besse'  'jnct'-ons.  £ootr®r  mot^dr,  ;se- 
bv  Butterwortn  r,  and  Carson  maxes  use  o'  th*  5ivnt'io  vector  \r 
calculate  tne  dissipation  in  tne  conductors  and  tg  ^e-'V^  the  *'iect 
alternating  current  resistance.  1  third  one,  used  ov  Be'evitc*'  an" 
Groenendaa1  et.al.1",  makes  use  o*  the  scalar  s’cetriga'  3n-  vectir 
magnetic  potentials  and  apprqo-iate  boundary  ddnd’t  inns.  £”  enr  up  with 
infin:te  series  of  Besse’  'unctions  with  complex  arqu^ongs.  Belov'tch’s 


“prqx 


’ne  f'nd-nqs  about  the  e"ect  c*  the  r*'3*' >ve  d'rectinr  ce  e‘o*  o'  tie 
’  iter  act  •  nc  Currents  and  tic  re'at’ve  Strength  o'  tie  Sxir  jnd  Ordix’T'Cv 
p'fpcts  are  o'  ’moortance  'or  tie  design  o'  stranded  conductors.  v°tia- 
ni c a ”  reascis  and  m-oimizatipr  c'  tne  s<’r-  e"ect,  amonc  otiors,  d’etate 
tie  use  o'  stranded  instead  o'  sc’ id  conductors.  Interaction  between  the 
go-and-retjr n  conductor  causes  an  increased  interproxim *tv  e"ect,  due 
to  toe  ODoosite  dinect’ons  o'  the  two  currents,  flt  the  same  tiro  the 
f'ne  strands  suffer  'rpm  less  s<in  e"ect  but  introduce  a  strqic  *«tra. 


e  eca"“e.  ever  •  *■  v*6  carc 


t’O"  o'  tie  K,gr  freauenc v  rpS. stance  -w“?'!  r‘”  nr.-"'"  >■**/«• 


appr  o*  imat  ions  nave  beer  brqpr.jpr.  jwo”‘.  “*  •  r  ot’owvo  »--i 

cr  tie  subiect  but  see^s  tnat  tie  ies*.  aoprpr'r»*c  ,»'<i 

proposed  bv  Arnrlg  ■  r  'nr  si’*d  aid  wp'ip*  CCIduCtirx.  ng  * '  *  • ;< 

w’de  acceptance  and  aood  accuracv,  'ess  ’'r  'naccjrag-.  -..o'  >  ■•ip 
frequency  band,  -rno'g’s  bas’d  ‘r  ‘rr-  ■  -•«>' -rr«, « -  -  *  , 

oe twee r  twg  so  'd  conductors  •<  present?-' 
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c.osec  anc  symmetric  ones,  coaxia  ? 

tne  coaxial  cables,  ever.  tncugn  it  *  >es 
core  conductor,  is  toe  fm  to  “xpe"  ience 


3D>®S.  ne  out 


ne  oj t  er  concur tc 
i~2  net '  c  *  i®ld  ?* 


qo  eociv  ’osses. 


It  is  impractical  tc  design  transmission  ’’nes  with  ’a^oe  s°Darat  ,''r 
between  me  qo-ana-return  conductors  or  tc  lesion  conductors  wit*  cor1* 
oiex  shape,  Tnere'org,  -  viable  alternative  is  to  desian  ’  i  nes  *r  sue*  a 
way  as  to  decrease  the  i ntercestion  o'  conductors  bv  toe  transversa1 
magnetic  field.  The  definition  of  the  T£w  transmission  *i«e  implies  that 
tne  longidutina'  and  transversa’  field  Drcb’ems  can  oe  solved  indeoen- 
dently.  This  is  expressed  py  the  foMowino  condit ion,whico  is  derived 
after  a  manipulation  of  Maxwell  equations  (or  a  ^rfc'  case: 

|{Re(v}.D)*(0M)lla  «  -  ;12>l 

where:  Se  is  tne  attenuation,  a®fined  as  t*e  ’’e?.'  p^r-t  tne 

prooaoatiort  constant 

Z  is  tne  maximum  transverse’  dimension  re  tne  cat-’e 

>•  is  the  wave le net*  o *  oneratmn 

"neref  ore,  tOfc  ®<fect  of  tne  magnetic  materia'  ,  nrpnr  »t®  d  i  *•  tne  insu¬ 
lation  or  tne  transversal  maonetic  *ieV  can  be  treated  : ndeoenient ' v. 

C)  Magnet i c  Conduction 

Tne  primary  property  of  every  non-conduct i nc  maonetic  material  is  toe 
quidance  of  external  magnetic  *ield  ’ines.  Tois  can  be  compared  to  toe 
conduction  of  current  by  conductors  or  tne  conduction  of  elect ’‘ic  field 
1  i nes  by  dielectric  materials. In  that  rosoect,  and  bv  the  substitution 
of  current  density  by  magnetic  flu*  density,  a  proper  arranqement  of 
magnetic  elements  forms  a  maonetic  circuit.  Its  maonetic  resistance,  not 
related  to  losses  but  to  easiness  of  conduction,  is  sma’1  in  toe  volume 
occupied  by  magnetic  material  and  large  in  gaos  and  in  the  volume  occu¬ 
pied  by  nonmagnetic  substances.  The  second  correspondence,  between  elec¬ 
tric  and  magnetic  non-conduct i nq  materials,  has  pOysica1  origin.  Since 
the  magnetic  field  is  a  dual  representat ion  of  the  electric  field,a 
magnetic  field-material  interaction  can  be  modelled  in  a  way  similar  to 
an  electric  field-material  interaction.  Both  fields  satisfy  a  Laolacian, 
when  no  sources  O'  sinks  nf  'nfl-o®'  ®**st,  wOic*  *n  tot  73*.**  maon®*i' 
* ield  has  the  form: 


^•5  vu»»*;J  tr«*  •  t .  ec*  :ss®'-  vn  »;  ’  nfl  o'  tot- 

magnetic  *ielc  intensitv  int*rc?3  nc  t*>®  conductor.  ;r  cat’®*  woic*  in¬ 
corporate  magnetic  materia1  ir  t®*-  ’"station  toe  conductor*  cccupv  f*e 
npllow  rgqion.  Suppose  tnat  the  rat  in  of  tog  maonetic  *ieid  'ntensitv 
tne  no’low  rgqio^i  to  that  »n?r  no  tube  is  present  is  Tner,  proximity 
losses  vary  as  S^.  figure  ?  is  a  parametric  plot  0*  c‘  for  a  number  of 
tnickness-to-mner  ra(jiuS  ratios  wogr  toe  externa*  maonetic  field  *s 
uniform. 


Irtturproxiuuly*  Relative  l>l-ly  losses 


with  m  peine  toe  vector  "nonet  v 
the  boundary  condition  at  tn®  1  ntf 
fine--  tne  exact  so  ape  o*’  to®  '1? 
"ived  frgn-  tne  equation: 


rt’ior**  0  »  s  t  ne  p^rmear'  ' ! 

-  *.  tne  mane 1 1 :  f  >  < 

According  tc  tne  prev'ciu'  sect 
t  rans*r  :  ss  ’  np  *  ine  is  oon,*n' 1  r-. 
a  aood  estimate  of  the  ®*fec*  >■ 
Fiqur®  I  snows  toe  direct ipr  o‘ 
of  maonetic  materia1  is  uniform 


p®trtnt 1  a 1 .  Tnc  *■ 
-•'ace*  between  d i 


“^W0VB',  »  ljn.',0*,T  3PPrr|Y  - 

‘  t no  maonetic  matori**  * 

tnt-  x  ■  c- 1  '  ■>  r>er  w'ifl  r  ?.  r  v  ’  ■ 


It  becomes  apparent  tost  ®vBr  weak  maonetic  mater-a’s  oavina  relative 
permeabilities  between  '  and  5  decrease  the  proximitv  “"e":  ‘'osses  con- 
sion-at'.v  fo"  reasonable  wall  toickness.  1nis  is  very  important  because 
tries**  permeability  values  correspond  to  mixtures  t«at  are  easily  an* 
’  nexpenc.ivel-,  manu*  actyrar  ie.Read  1  nc  ‘'o*  to  it  riot  a  wa’’  wit*  r^’at've 
permeab'li t%  1C  decreases  toe  eddv  losses  bv  more  loan  SO?,  w*er  its 
to -c*' nes*  it  more  toan  haw  of  toe  conductor  radijs.  Toe  ^r^t-t-wx  n‘  - 
'ecr  iv*nes*o?  tois  ouid’nc  toe  fipld  lines,  deserves  particular 

att°oMnf  recaus**  too  prac'ical  upp^r  ocpinq  i°vo’  o'  L-**  or  sc.  w,t1' 
available  tecnnploq>,  result;,  in  mixtures  w’t*1  permeability  *r  to®  pc’* 
"•t.  r.‘  I'..  Hence,  nv?r  w;t-  toe  imposed  ’imitation  or  *0*-  aop'oc  '°vn' 
~f  matrices,  toe  maqnetit  wa*’  f'eld  quidim  caoabi’itv  is  ut"''rec  v ® r 
e* '  * c  ient  1  v . 

•r  ^o,-. 1  tw'naxia’  "able;  to®  intercept inc  #i® ids  *rc  no*  f"  to® 

w » ’  ■  po-omes  ever  "'pro  ®*xective.  To®ref  ore,  ’  r  tw'naxia  cat-ins, to*-  b"  "* 
xl'r.t,t  rw.jucticr  is  mprt  «r.«^ound  than  toat  predicted  dv  to®  r’P*  ,r  r  *  - 
gjr®  j  f  or  a  aiver  wa1’  aeometry  and  relative  oermeab'  l  'tv.  :-‘,sr,  to®. 
*a’  ’  become*  m r*.  »x/o;. wn®n  ?•  15  !ocat®d  '’3ft  ne*t.  s-irroun-'ing, 
to®  conductor  becaus®  most  p#  toe  transmitted  pg^er  ,io<  'r  *0®  v‘t,p'i\ 
of  tne  conductor-  3s  s*Qur*  ;•  c^rr  y-av*  ft. a'  *  snow-. 


FIGURE  1 

It  is  apod'ent  *nat  f’®’d  '-ne;  pre*®r  tc  fiow  *o^oijak  *n®  <-a-irv>*"'  tub® 

1  ®  a  v ;  no  -ts  'r;«»"inr  * re ®  o'  r.aan®*-'.'  'ield.  Thir  ■<-  a  '  i-’*'nn 

case  1"  wK  '  C  to®  rp'j*l(d  i  V  <*/  two  *uh®  ir  -:i'*  »-1an®r  tO%r 

unity.  ac :1  ■ -~a  ’ 1  y ,  wn®r  to®  rf.’>»ivt.  p®-"r®at  • '  it  v  '*  ‘"d**®'  *w^r.  */  *0® 
wal’  prov’d®*  strnno  quilaoc®  tr  tne  e*terna’  ^ ;i - n® » 1  -  pm-/ i--*®'* 

toaf  the  ra*  if  n.x  toe  wa’*  *r  <•:*•  no".  »-  -tr  •one*'  •  f  nr* 
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Capacitance  (nF/lOOm) 


The  following  experimental  results  prove  the  capability  of  magnetic 
walls  to  reduce  overall  losses,  provided  that  the  magnetic  losses  intro¬ 
duced  by  the  magnetic  material  itself  are  very  low. 


PART  U  EXPERIMENTAL  FINDINGS 

Experimental  twinaxial  cables  were  built  ^  and  their  measured  perfor¬ 
mance  char acter i sties  are  presented.  The  cor.uuctor  is  copper  £WG?f- 
composed  of  seven  strands  AW 632  and  the  insulation  is  standard  polyethy¬ 
lene.  Approximately  one  half  of  the  insulation  wall  is  dooed  with  a  qood 
quality  ferrite  which  comprises  16X  Of  the  ferrite-insulatior  mix¬ 
ture  volume.  The  low  doping  level  is  chosen  so  the  inductance  increase 
is  very  small  and  any  substantial  performance  differentiation,  with 
respect  to  the  undoped  cable,  can  not  be  attributed  to  the  distributed 
inductive  loading. 

The  cable  characteristics  are  divided  in  primary  and  secondary  ones.  The 
primary  are  independent  of  each  other  and  are  the  capacitance, the  induc¬ 
tance,  the  conductor  resistance  and  the  electric  and  magnetic  loss  ele¬ 
ments  of  tne  compound  insulation.  The  secondary  are  the  characteristic 
impedance  and  the  propagation  constant  which  is  expressed  by  its  at- 
tenuatioi  and  phase  velocitv  components.  All  the  following  p’ots  present 
the  respective  property  of  the  cable  without  maanetic  material,  called 
"unloaded",  witr  dotted  curve, and  tne  same  property  of  the  one  with  r-ao- 
netic  material,  with  so1 id  curve.  Even  thouah  the  qeneri:  ter^s  "loaded’ 
and"unloaded"  are  jsed,  the  cab ie  is  a  R°C  (Reduced  Pro*i*"'tv  Gable'. 


Frequency  (kll/1 


FIGURE  4 

Tne  relative  flio’ectri:  constant  oe  ferric?  *37  not  measured,  rut  it  *s 
< now r  tnat  ’tt-  value  1:  ",jch  n •  one-  tnar  jr*tv.  Junc'nr  r>ub%  »shed 

values  for  a  number  of  its  value  tKo  uroe-  oar*  ?f  the 

frequency  band  • ■  estimated  tc  **e  between  and  16.  ]r  t"c  lower  pa-* 
it  car  oe  substantially  higher.  However,  »ne  1 dor*"c  naves  the 
dielectric  orope-ties  or  the  mixture  insensitive  t:  t^e  value  or  the 
ferrite  dielectric  constant.  Over  the  froauenev  band,  tne  estimated 
relative  dielectric  constant  or  tne  mixture  lies  betwee"  2."  anc  3.6, 
Kha*-adiy  et.al.iCl  Gince  only  oart  of  the  insulation  *«■  dooed  and  the 
capacitance  deoendence  or  the  maanetic  wall  thickness  is  almost  lnoarit- 
nmjc,  its  ?ncrease  is  on’v  12%,  ac  the  measurements  snow,  and  constan* 
over  the  freQuency  band. 

1 1  [  I  nductance:  rigure  c  snow  the  'ao'e  tota1  inductance  over  t^e 
came  frpgjoncv  banc,  lKuz  to  10Vuz.  r,art  o'  it  <s  the  - n^o' en*.  inductan¬ 
ce  of  the  conductors,  but  the  ma*n  e’ement  is  tne  -..t.a'  ind-j"tance 
between  the  Qo-aod-rpxui-n  circuits. 


frequency  (II  i/I 

FIGURE  5 

inductance.  Tne  paralle’  curves  prove  the  * nsens itivitv  oe  the  ^nnoront 
inductance  tc  tne  existence  c *  tne  magnetic  wa"  an^  the  * . v ;♦  v 
pf  the  mixture  properties  tc  tne  variation  pc  the  ne*-meah <  1  i tv. 

vhf  sizeable  dev  •,  at  in*-  ‘'or  oara' 'c’ isr-  a*  •  „‘o»-»t>oh-.  ate  freo!jen',p?  has 
no  apparent  physica*  explanatipr  ?.nc  r-av  po  au*  tc  *T,eas  ir ■  no  enrr*-* ’pos. 
'rne  beta'  inductance  value  at  '. ">w uc ,  wn?»-<.  the  -nhp»-or*  nep-'  'c'1*’®, 
*s  eaual  tc  tne  mjtua'  ’ ncuctance  o'  tne  '•  •  ne  f o-  pptw  cab’es. 


Ill)  loop  Resistance;  :'o^;  ?  snow?  the  1 -•or  ro^rtanc*  f't  *wr 
caples  over  tne  same  ^reggenev  band.  Below  id0*l'tl7  tne  table  with  t.  *  c  no  - 
tic  dopinc  nas  s '  i  g  h  t*!  v  ►  i  qho*-  ra<^tance.  £*  ‘nose  fro-jonr'®*  ‘He 
penetration  aeoth  for’  coooer  i«.  mgr*  tnar  ’92  *■  an:  the  tKir  '£WG?,X 

s*  rands  experience  nor'igit'e  ant  ve'v  :><"•*■  it '*  v  e,<?7*1 

•.■nee,  tne  s'iant  mc-ease  oe  tne  resistance  ’ n  the  cat'*1  w!*h  "'aqne*'c 
doping  is  attriputec  tc  tne  sma’*  additinna’  ir'ss0'  i ntroduc**''  hv  t^o 
maoneti:  material.  The  c  indicator  at  these  '  reauenc  iet  v?r'  ^a", 
cenot  me  ar  almost  un-^e>-r  distribution  o*  tho  over  s*ran'* 

cross  section.  However,  as  fr?fluefitv  increase  s*'”  an-  ’ate- 
effects  become  strong  anc  the  K  conductor  ioor.  -  sian-f  •n!--oa<of 
auick }y. 


10  10  10  10  *■*»*«  TV  10* 

Fr»Qu®r*CY  (kHz) 


FIGURE  6 


*n?  ferrite  used  has  relative  oermea^  ’  *tv  1300  at  C.C.  and  an  estimat¬ 
ed  cjt-pff  frequency  o'  2.6  mhz.  Bevond  this  point, who*-*  the  va’ue 

drops  to  65C,Dermeap,i  1  ity  decreases  linearly  with  f rogue rvc,, at  a  compar¬ 
able  -ate.  morpfore,  is  substant i a’ 1 v  higher  tha^  unity  t^rojghou* 
the  frequency  ranqe  of  mterest.Accordi  nc  tc  the  thec-retica"  pred’C- 
tions,  wh^ch  nave  been  verified  exoer imentally,  the  mixture  has  rotative 

permeability  approximate ly  1.6. 


Maonetic  losses  increase  ar  we 
are  no*  m  f-u‘‘  contact  w - 1 K 1 
strong  domaanet izi nc  frr“«  a^ 
effective  -iQfvti;  f  j*  wit^- 
resu’ts  *r  ‘on  •*>I»urf  ppr^ear 
r  a  a  no  t  •  -  '  esses  tc  •  r.-^, 

lVt  1  St  * V^  f'p-pn'  ■  — 

**i:  r?s*stan-e,  "  s-a'’. 


.  However,  since  thf- 
*ie  a*  sue" 

gov°  npet  w '  t h  i  r 


’ti  an-  '  “>n  -p'l'e*'  " 


The  mutual  inductance  depends  almost  loaar i thmeal  1  v  or  the  maonotic 

tnitk-ne'S,  hut  *  •  no^r  1  v  r.r  ‘no  per'noabi  ’  »t  ‘.."he  ’in***  ■**;.  ■- 

■  ngr eases  the  over,*'''’  ‘niijc*ar.ce  anorr-ximate'* v  at  ano  nt  a* 
;  omm.'  ne^a /s'5  *"c  *  - j ° n' *ncr?ases  *nc  mf’jence  rf  tnp  ■ 

mguttance  iio^roi-.n-.'-u  rt* ' r  and  p-gxiir-tv  <lioe?n  ‘no  f||WPi‘ 


r  r  0  x  1 T  '  tv  'osse-  art  'r,wOK  fir.  7  a‘  '  c  w  •  ♦  »■  -jjgret  '  - - '  “t .  * nr  w>  ‘  * 

QU 1  des  a  large  port'pr  Q,r  t^p  *-.aonp‘io  f  ie',J  ”  •  nos  Wk-7‘  Hr  p-  . 

cent  the  conductor,  arv4  -nit  wav  i*  'p'r er  the  o.-jt,  in7.c0-._ct>''  ,,- 

the  Daramet^i^  pigt  z'0we  '  .the  *,>"  -o0j:oc  »ho  ,fi*0r.-.rI.-'‘1, 

losses  bv  ;S«  wher  the  orteTa'  f’e  "  •*  ■  r-  the  oxno- o^*  > ’ 

t  w  1  na  x » a '  caM®  the  reduction  <7  mpro  sjpstaht  *  a’.  rh,s  <-oH:J-*-~r  . , 
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complemented  by  an  intra-proximity  reduction  The  magnetic  field  of  each 
one  of  the  seven  strands  comprising  each  conductor  intercepts  the  other 
strands  and  generates  eddy  currents.  When  the  insulation  incorporates 
magnetic  materials  part  of  the  field  lines  of  the  outer  strands  are 
guided  by  and  close  through  the  magnetic  wall  which  is  in  contact  with 
their  surface.  This  results  in  a  reduction  of  the  i ntra-proximitv  ef¬ 
fect. 

The  loop  resistance  reduct  ion,  which  becomes  stronoer  at  **'ob  ^eouen;  i*$ 
and  reaches  502  at  IQMHz  in  the  experimental  cable,  is  th®  net  outcome 
of  tne  slow  increase  o'  toe  low,  newly  introduced,  macnet’c  1osses  anH 
tne  snarp  reduction  o'  th*  total  proximity  losses. 

IV)  Characteristic  Impedance:  The  combined  e"ect  o'  *n®  caoac'tanr®, 
inductance  and  loop  resistance  va-'  tion  is  rejected  too  chana®  o' 
the  secondary  character istics  o'  tne  line.  rioure  7  snows  +n®  maan-- 
tude  of  tne  characteristic  imoedance  o'  the  twc  cables  over  the  2Kuz 
lOMhz  r^rwe,  Tn',ouanout  tn*s  'r©gugfi£V  oand  thev  have  **■»©  <em« 

imoeaance.  a  -ipser  examination  rovea1*  the  reasons  'ey  tn*»  show- 
live  PCSitiOhS  o'  tne  two  cu-ves. 


& 

Frequency  (kHz) 


10*  rv  *0* 


Characteristic  impedance  is  give"  bv: 


z  h  .  (S^sLjH 


a  is  tne  tola'  Igoo  resistance,  incljdinc 

.  ;s  t^e  inouctance 

C  ’s  tne  capacitance 

G  1  s  the  ’  ns'j’atio"  conductance 

Li  "s  tne  r^p-.a'  ‘i-eauencv 


•naa~>‘  it  osses 


a’’  Quantities  r©*©-  tr  a  jn't-!encth  cable, 
o'  t'u ‘  4  s  rin?r  '  -  pot"  cades.  ~here*pr© 
because  its  capacitance,  and  ;ts  V.'  'acto- 


A*  low  4‘re0,jor-  ua<  *hc  r'i'e 
;h®  DO*-  ’  i}*©- 

*5  hioh€'.  At  ’ -t®r**»®'‘ -  ,»  © 


tiorjic;.  dominates  an-  tne  cngr3-»o-  >  st  k  m^adenc®  va  jc  ’s  -  r-c  -  - 
GVi  .  G '  rce  the  r®lat*ve  inductance  increase  *s  a  '"t*7®  K-ph©^  t^a- 
*r>t  ro*ative  capacitance  ’ncr®ase  ir  the  Coo®'4  ca^'e  *ts  iwi)o',in';e  *x 
S I  i  oht  1  v  higher.  How®ve,r,  th®  di"®renc®  'S  vfv  sma’’  and,’**  o-ac*<ca’ 
terms,  tne  two  cables  have  nominally  the  same  impedance,  "his  *s  o'  oar- 
ticula-  interest  because  cables  with  ’iahtlv  dooed  insdador  car  b®  us¬ 
ed  wit1*  ex^st’np  tonrina1  ®auipment  without  crpat  i  no  impedance  misi-atc* 
problems.  "heir  advantage  *s  lower  attenuation  or,  eauiva ’®"t 7v, 
caoacity,  as  tne  following  'igur®  shows. 

11  Attenuation:  Attenuation  characteristics,  show-  ^  r’or?  c 
resemble  those- o'  tota’'  loop  resistance.  The  relative  'ncr®ase  '«  capa¬ 
citance  and  inductance  is  approximately  the  same  in  the  maanetica1  'v 
doped  cable,  "hero'ore,  the  net  e'fect  o'  to®  maonet’c  wa',‘'  on  Quanti¬ 
ties  depending  on  transversal  'ields  is  very  small.  Th®  prooaoation 

CPhStant  d;"®'‘°rt  :  **■  ■'ir  ’he  -©*.. 1  ♦  r'  *  OOP  -o5'«tance  Ch  >  ngt>  hon-e 

the  s  i  ;  1 3- ’  t  >•  pet  wee--  tne  resistance  arv*  attenuation  curves. 

VI )  Propagation  Velocity:  5--paaa*  ve'r w^-c-  •«  *h®  r— ■>’-’®- 


eouencies  the  inr'u®nc®  o'  u 
f h i c r  is  orac*'ca"'\  th®  same 


oaiat'on  ve'oc' 


the  sa-e  fry 


w®a*  ary*  the  -®s 1 < t ’ v®  e 1  ® - 
tK  cab'es,  do—4 nates  a**’4  o-c.. 
0  —  agnet  ;ca  * 1  v  done-4  a ry4  ’*»© 


iHHiii  i  I 


|  ;:!!  1 
I  I  I  ,  ■ .!  I 


itf 

Fr»ou«r>cy  IkHz) 


FIGURE  8 

cor-espondi  no  undODec  cables.  As  '-eojency  increases  th®  in^’uence  o^ 
(c.L'  increases  and  is  more  profound  in  the  dooed  cable,  “onseouent 'v,  the 
prooaoation  velocity  curves  diverae  as  *r®Queocv  -^crpases  hut  *h® 
relative  difference  remains  within  10-25*.  The  -ate  o'  diveroence  o'  the 
curves  decreases  at  higher  'reauencies  *'  the  De”meah;  ’  ^tv  o'  tn® 

'er>-ite  is  stir  much  hicner  thar  unitv,  typically  higher  than  fo-iOu. 
"ne  '■esu'tinc  Stabi  1  izatior  O'  the  relative  00Si*inr*s  or  the  *wo  cu-ves 
ir  that  case  is  the  result  o'  the  'reoueoev  independent  ",'*tnr<!  perm®«- 
b,;''itv  and  c'  tne  nea'ipible  'n'^uence  O'  tne  conductor  :ntr;nsic  '•n-jr- 
tance.  Theror->*-ct  oo-  experience  little  proDaaa^'o*-  d®c®*'®rat for  w ; t** 
respect  tc  their  undooed  counterparts  tnrp.jdhout  anv  '«-eC:j®nC  v  rgogc  n' 
practica1  interest.  'rhe  low  decelerat'nn,  *r  con'unctipr  wt*  ’ne  r©. 
auced  atterx,ation  o'  DPT,  makes  them  ve-y  u«®'u'  'pr  de’av  «ens*‘ive 
applications,  lixe  computer  networks. 


1C f 

Frequency  (kHz) 


PART  III  :  REHARKS 


AJ_  Discussion 


"he  incorporation  o'  maonetic  materia’s  in  cable  str-jet-jr®^ 
anadditional ,  independent  variable  ir  th®  design  o'  meta’lic  tranv 
sior  lines,  "he  positior  o'  the  magnet ’ca" ly  000®^  section  n'  to®  ; 
lation  and  the  leve'  0'  doomo  influence  the  transmisior  characteris 
considerably.  One  can  distinguish  two  distinct  phenomena  which  shape 
’  -  r,c  p©r'o-i-  3hC®,  ng-ie1-.  'nduCt'V®  bat 'no  a.nJ  7-ox'—  * ’•  r©d.JC  n r- 

©>h®r  *-,©  »0p{ nc  -eavv.  »s  •"'lu-tanc®  sj"s 

r©a-t2n:®  h»'  dpprr-e  nc-  '-O-  -®  ‘  "  i* 
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in  MlC‘s  resets  in  oe creased  tcta’  '’owing  current, n®nr®  necr®*-.®-*  ’  ®s  - 
ses. 

The  behavior  of  MlC‘s  ’s  discussed  "*or®  extens  *  v® 7  ••  *v  r  al  a*.  a**  >  ■,o? 
et-ai' .  The  important  observation  i$  tna*.  a"  to®  cnararte-ist'cs  o®  th® 
M.LC  cable  are  different  tnan  tnose  o*  tne  correspond’ rz  un'ciad®-*  one. 
There  is  a  critica'  frequency,  whicK  depends  on  to®  call*  arcritectur® 
and  on  the  ferrite  used. At  lower  tna"  erotica"  'rpQuery-^es  *h®  transmi^- 
sion  performance  improves  wnen  the  cable  is  ioaded,  wn{1®  a*  vgh®--  thar 
critical  performance  degrades.  The  distributed  mouctanc®  increases 
substantially,  independently  ox  tn®  cable  architecture  as  'one  ac  t"® 
doping  level  is  relatively  heavy.  For  marwj®actyr  i  nc  an-*  "lechaoica’ 
reasons  the  heaviest  oossible  doping, with  present  tecnno’oav  and  mate¬ 
rials  and  for  practical  cables,  is  approximately  55-60*  D®r  volume,  ‘'he 
dopant  permeability  influences  mixture  properties  weakly,  i®  it  is  much 
higher  than  that  of  vacuum. Magnetic  losses  mav  be  a  serious  drawback  an-1 
the  advantage  of  increased  inductance  'S  maintained  only  i®  the  'elites 
have  very  low  losses.  Major  characterise ics  of  ar»  hitjo®-,  stab1® 

and  nearly  ohmic  characteristic  impedance,  lower  attenuator  and  bhas® 
velocity, all  being  as  such  oelow  the  critica1  freouencv. 

The  second  phenomenon,  besides  d'St-iouted  inductive  load'nq,  ’<  c’,o*’. 
mity  reduction  due  tc  tn®  guidance  o ®  maonetic  '*  nes,  a®  aerate-4  hv 
adjacent  currents,  by  the  magnetic  wal'  surroundino  *.n®  conductors.'ro® 
important  property  is  tne  unchanged  pr0£Maatior  che-arVr  i$r  Vs  o® 
cable,  besides  attenuation,  wn®r  tne  dorinq  's  '5oHt.  cro*'mi»v 

reduction  is  present  ir  heavilv  loaded  structures  as  w®1’  a^  ^  'id*t'v 
doped  ones.Tne  relative  advantage  o*  the  latter  's  that  ®®r-i»®  'osses, 
as  lone  as  tney  a*®  low,  influence  the  cab’®  resistance  less  -"-ast  ica'- 
ly.  Aisc.for  light  doping,  mixture  properties  ar®  virtua"v  'ndependen* 
of  fernte  electromaaneti-  characteristics. 

In  both  designs,  MiC  and  RPC,  and  particular  ly  fo1*  light  dopinq,  the  in¬ 
sensitivity  of  the  mixture  orooerties  o®rmits  the  pff-'cient  use  o'  low 
permeability  ferrites  without  compromising  the  magnetic  str®nath  o®  th® 
mixture.  This  is  important  because  there  *s  an  inherent  *rad®-o'f  betwe¬ 
en  permeability  and  losses  in  every  maonetic  materia'.  Th®  hioher  the 
permeability  the  higher  the  losses  over  the  usable  'reauenev  band.  Since 
practical  transmission  lines  must  have  very  lew  losses  and  a  reasonable 
inductance  is  effective  at  high  frequencies,  the  proper  use  of  low  per¬ 
meability  , low  loss,  ferrites  offers  nearly  optimum  ooeratina  conditions. 
The  fundamenta'  di®f®rence  between  inductive  ipad'nc  an-  or!M'i",i*v  |,«- 
duction  is  that  the  ®orm®r  is  present  *r  every  heavilv  noned  structur® 
wnile  th®  latter  is  sizeable  nn'v  ir  a<vmm®t-ic  structure*  'in®  o*ir<  *® 
cades.  Coaxial  ’’nes  dc  not  su'®er  #r0fr  Dro*imitv  '  sses  ^  i®  *n®i- 
insulatior  is  '  iQhtV,  dOD®'*  their  pe-®ormanc®  does  no*  Chang®  aocroc-'a- 
bly. 

il  Conclusion 

rhe  major,  unexpected  at  a  'i^j  siqnt,  ''n^’n c  ’S  tna*  mod<r* :a*  mne  ^ 
the  insulation  structure  ;ar  chana®  tne  apparent  prooer»iet  ♦►'e  cro¬ 
queting  elements,  v®  •  ncr-oorat -ton  n®  prop®-  magnet’?  mat®r-a:«  a®-- 
turpes  tne  tran$v®rsa'  magnetic  ®i®1d  ’r  sue*  a  wav  that  enme  nsse<'- 
decrease,  Ve  i  nvest iqat tor  ce  tn®  cause  c®  tiis  nenavipr  '®ad<  *  -  ;  n- 
duCtior  effects  in  conduct’ nc  bodies.  Sxir  ®®'ects,  even  t houo*  no*  re«_ 
Donsipl®  *!>r  tnis  uneyoe?ted  behavo**,  tne  ha>’$  r ®  a  ’ c nc  an-  wi¬ 

de  theoret ica’  and  experimenta’  treatment  0*  ’nduc tier.  Ana*v?'«  nf  <*•"- 
pli®ied  structures  provides  2  theoretica’  oac'oro'ior  w-cr  **  us®**  * " 
exolair.  tne  bindings  of  a  set  c*  measurements. 

”ne  1  iqnt  doping  0*  tne  ’  nvest  iqated  WZ  proves  *n®  jc^^ine^c 

nf  maanet  ica'  ly  doped  cades,  beyond  the  practica’  -nnuct'v®  'oa,,'nc  ** 
the  m^Cs.  As  the  measurements  show,  p°C  have  tne  advantao®  nv®r  »■_’  *na* 
all  the  propaqatior  characteristics  besides  a.tenuatior  rri:.  a'mos* 
tne  same  as  tnose  o'  tne  undoped  cables. 

Applications  for  include  a  va'iotv  0 *  o’d  an*1  svs*e"S.  'h® 

invariability  of  the  characteristic  impedance  makes  the  50'-  attractive 
for  old  systems  where  terminal  equipment  must  not  chana®.  M^inr  apo,*'a- 
tions  envisioned  ar®  smart-home,  high  bandwidth  svs*®<r,s,  hig*- 

capacity  suoscrippr  ’oops,  computer  or  other  mo^u’es  int®rconn?c* 4o**st 
buses  or  drop  cab’es  for  ’oca’  area  networks,  wirinas  serv’ng 
installations  and  other. 

Reviewing  the  available  wired  transmission  med’a  #or  ne^Syr  d’stanc®- 
bandwidth  applications  one  'inds  thr®®  major  ^eoresentati v®s:pair  cah- 
1  ®  s ,  coa»ials  and  ootica'  *ib®rs.  lr  attract  ■  /®n®s'  s",a'' 

coaxials  seem  tc  face  *ie*  competition  ,*,o»  oofea'  <;b®rs.  H^w®v®rt 
®io®r  opt ' cs  is  not  an  inexpensive  a'te-nat  ’ v®  *r  tn®s®  ao*'1  ^ca* 'C*ns 
because  of  tn®  bidder  costs  0*  optoelectronic  transduc®^,  .-onhoctn-? 
and  to®  e»tra  carp  toat  tn®ir  gp'i^at®  nature  ro<jt,j*»-es.  \r  many  c^ser- 
t h®y  ar®  used,  even  though  Qross'  v  under.it i ; ?ed,  1j®  ?"  a  ’ac*  a 
viable  alternative.  Conventiona'  on  th®  other  oar*  t"®  sb®"*- 

rum,  offer  limited  services. 

The  i ncorporat i on  of  maqnetic  dooinq  improves  the  ofr'errar.?  0®  the 
pair  cables  and  makes  them  prim®  candidates  for  th®s®  ape1 icat ions.  Th®v 
offer  the  simplicity  0f  a  pair  and  almost  the  pph^vin*-  0®  a  sma'1 
coaxial  at  a  'ower  cost  than  ootical  fibers.  ,rh®  ingrpa^®^  attent-on 
that  conventional  pairs  have  attracted  recently  in  ioca'  area  n®twor*s, 
after  the  realization  of  the  practical  limitations  or  optica'  ®ihers, 
provides  an  indeoendent  verification  0*  the  potentia1  r>(  p°r  or  *iZ. 

A  hidden  advantage  of  the  proposed  cables  is  that  in  al'  e'forts  on’v 
commercially  available  ferrites  were  used.These  are  ootimi?ed  for  maxi¬ 


mum  oermeaoi ' itv,  which  presents  almost  a  cas®  sc®oario  wh®n  ca1'1® 

ooerne  's  cons’oerec.  Jr  ’S  ®xp®:tp-  tnat  th®  oev®'obm®nt  n®  ®®r- 

rites,  ootl^izec  ®br  ir’n’r-jr  'osses,  w'l'  b®  v®r\  J,®  HP  ® '  c  1  a  1  fr  opr 
mi.  :  cades. 
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HIGH  SPEED  TRANSMISSION  THROUGH  TWISTED  PAIR  WIRE 
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ABSTRACT 

High  speed  transmission  through  twisted  copper  pairs 
in  the  presence  of  crosstalk  and  other  impairments,  is 
discussed.  A  fundamental  transmission  model  for 
premises  wiring  is  developed  and  it  considers  both 
crosstalk  and  loss  characterization.  The  model  for 
premises  wiring  parallels  the  transmission  model  used 
for  outside  plant  cable.  For  various  desired  levels  of 
confidence,  the  trade-off  between  signal  frequency 
and  transmission  distance  is  investigated.  However, 
in  digital  applications  one  must  be  cautious  in 
relating  bit  rate  to  frequency.  Near-end  crosstalk 
(NEXT)  is  assumed  to  be  the  limiting  factor  and  all 
derivations  are  based  on  this  assumption. 

In  addition,  bridged  tap  causes  increased  signal 
attenuation  which  may  result  in  reducing  the  range 
significantly.  For  example,  with  the  critical  quarter 
wavelength  of  about  210  feet  of  24  gauge  bridged 
tap,  at  772  KHz  the  acceptable  distance  may  be 
reduced  by  as  much  as  1200  feet.  Results  are  based 
on  measurements  carried  out  on  several  vendors’ 
cables,  and  further  insight  is  derived  from  extensive 
computer  simulation  and  theoretical  analyses 
performed  in  connection  with  the  development  of 
standards  for  the  ISDN  Basic  Access  Digital 
Subscriber  Line. 

INTRODUCTION 

In  the  telecommunications  world,  the  copper  plant 
was  designed  and  engineered  initially  to  provide 
analog  voice-band  transmission.  With  the  advent  of 
digital  transmission,  and  with  advances  in  signal 
processing  technologies,  these  same  twisted  pairs  of 
copper  wire  have  been  successfully  utilized  for 
transmitting  an  increased  volume  of  data.  While 
transmission  of  multi-megaherz  frequencies  will 
require  other  media,  twisted  pair  copper  wires  will 
continue  to  play  a  crucial  role  for 
telecommunicati  >n»  in  the  distribution  portion  of  the 
loop  plant  and  in  the  building  wire  environment. 

The  loop  plant  imposes  severe  constraints  on  a 
transmission  system  in  matins*  performance 
oh'  ctives.  The  loop  includes  outside  plant  cable, 
central  office  wiring  and  also  customer  premises 
wiring.  The  outside  plant  transmission  facilities 


include  aerial,  buried  and  underground  cables,  with  a 
multiplicity  of  wire  gauges,  pair  counts  and  bridged 
taps.  Any  design  of  a  bidirectional  transmission 
facility  must  accommodate  the  wide  disparity  of 
cable  compositions,  bridged  tap  configurations  and 
highly  variable  impedances  of  the  loop.  It  is  not 
practical  to  specify  the  transmission  parameters  of 
the  particular  loop  to  which  a  given  system  may  be 
connected. 

Qhjective  and  Overview 

Extensive  transmission  models  exist  for  outside  plant 
cables.'1  The  main  question  we  are  attempting  to 
answer  here  is:  What  is  the  maximum  transmission 
rate  possible  on  a  twisted  pair  of  copper  wires  used 
in  premises  wiring?  Clearly,  the  answer  will  depend 
on  a  number  of  factors  and  requirements.  We  shall 
discuss  these  factors  in  detail  in  the  process  of 
defining  the  problem  and  deriving  approximate 
solutions. 

Based  on  OSP  cable  model,  the  feasibility  of  using 
the  existing  non-loaded  copper  wire  loops,  without 
preconditioning,  to  provide  Integrated  Services 
Digital  Network  (JSDN)  Basic  Access  has  recently 
been  established.'  !  To  estimate  performance  limits, 
it  was  necessary  not  only  to  characterize  the  loop 
plant,  but  also  to  investigate  optimum  design  criteria 
of  the  transmitter  and  receiver  components.  This 
involved  an  extensive  search  for  the  best  possible 
methods  in  transmission  technology,  line  code,  filter 
techniques,  echo  removal,  equalizer  design,  timing 
recovery  and  jitter  control  mechanisms,  noise 
minimization  etc.  E.g..  the  echo  cancelling  method 
(as  opposed  to  Time  Compression  Multiplexing) 
proved  to  be  the  winning  technology  and  the  2B1Q 
line  code  was  adopted  as  the  standard.3 

The  performance  of  inside  wiring  cables  has  received 
less  attention  in  past  due  to  lack  of  premises  wiring 
transmission  models.  Thus  we  develop  such  a  model 
in  order  to  study  the  transmission  characteristics  of 
inside  wiring  cables.  A  complete  answer  to  our 
question  cannot  be  given  even  with  such  detailed 
studies  as  for  the  ISDN  Basic  Access.  Our 
discussions  here  will  concentrate  on  the  loop 
transmission  capability  in  a  generic  sense,  and  in 
particular  the  trade-off  of  transmission  rate  and 
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range  without  reference  to  any  particular  technology, 
line  code  etc. 

To  set  the  stage  for  the  discussion  of  the  work 
entailed  here,  a  brief  review  of  the  relevant  factors 
affecting  digital  transmission  is  presented  in  Section 
2.  Performance  measures  and  associated  quantities 
are  described  in  Section  3.  The  studies  carried  out 
to  derive  our  premises  wiring  model  are  detailed  in 
Section  4.  The  results  are  collected  in  Section  5  and 
our  discussion  of  our  findings  are  presented  in 
Section  6. 

Results  are  based  on  measurements  carried  out  on 
several  vendors’  cables,  and  further  insight  is  derived 
from  extensive  computer  simulation  and  theoretical 
analyses  performed  in  connection  with  the 
development  of  standards  for  the  ISDN  Basic  Access 
Digital  Subscriber  LineJ4'  The  main  results  show  a 
premises  wiring  transmission  model  useful  for 
considering  the  trade-off  between  maximum  distance 
(range)  and  rate  of  transmission.  The  data  and 
models  are  for  25  pair  24  gauge  cables  where  all  pairs 
are  deployed  with  the  same  type  of  system.  Thus 
there  are  24  disturbers  crosstalking  into  each 
receiver.  For  example,  the  transmission  rate-distance 
model  shows  with  a  typical  allowance  for  the 
unknown  and  uncertain  sources  of  noise,  an 
Alternate  Mark  Inversion  (AMI)  system  operating  at 
772  KHz  (1.544  kbps)  and  an  error  ratio  of  one  in  10 
to  have  a  NEXT-limited  range  of  about  2800  feet, 
while  at  6  MHz  the  distance  is  less  than  400  feet. 


The  principal  contributors  to  noise  resulting  in 
limiting  the  high  speed  transmission  over  telephone 
loops  are  inductive  noise,  echoes,  intersymbol 
interference,  impulse  noise,  and  crosstalk. 

Inductive  noise  is  caused  by  power  lines  in  the 
vicinity  of  the  telephone  cable,  consisting  of  60  Hz 
and  its  harmonics.  It  is  not  a  serious  problem  for 
most  high  speed  transmission,  but  may  require  a 
high-pass  filter. 

Echoes  can  be  a  very  serious  problem  in  full  duplex 
high  speed  transmission  on  a  balanced  pair  of  copper 
wires.  Because  of  the  echoes  from  bridged  taps  and 
the  associated  wide  variation  of  impedances  from 
loop  to  loop  and  because  of  the  high  suppression  of 
echoes  required,  simple  balance  networks  as  with 
voice  circuits  are  totally  inadequate.  Echoes  can 
overwhelm  a  relatively  weak  received  signal  on  long 
loops.  In  the  following,  we  assume  that  adaptive 
echo  canceling  techniques  are  generally  adequate  to 
reduce  echo  noise  to  a  tolerable  level. 

Intersymbol  interference  (IS!)  is  the  phenomenon 
where  some  of  the  energy  from  a  pulse  spills  over 
into  the  neighboring  time  slots.  As  with  echoes, 
adaptive  techniques  for  equalizers  are  required  to 


effectively  reduce  intersymbol  interference  to 
permissible  levels. 

Impulse  noise,  by  definition,  has  a  high  peak  relative 
to  typical  peaks  of  the  background  noise  and  is 
generally  of  short  duration.  The  switching  system  in 
the  wire  center  is  believed  to  be  a  significant 
contributor  to  impulse  noise,  but  significant  impulse 
noise  has  also  been  observed  at  customer  premises. 

Since  crosstalk  has  been  a  problem  for  voice  circuits, 
it  has  been  studied  extensively  at  voice  frequencies 
and  for  transmission  of  T-l  signals.  Indeed  the  many 
aspects  of  the  design  and  manufacture  of  cables, 
such  as  the  twist  lay  of  the  pairs,  the  bundling  in 
groups  to  form  high  capacity  cables  were  influenced 
by  the  need  to  minimize  crosstalk 


Having  reviewed  the  contributors  to  potential  bit 
errors,  we  are  ready  to  consider  reasonable 
requirements  in  the  form  of  signal-to-noise  ratios  for 
acceptable  data  transmission.  From  the  customer’s 
point  of  view  viable  digital  transmission  may  be 
measured  in  terms  of  its  Bit  Error  Ratio  (BER).  For 
digital  transmission  a  BER  of  one  error  in  ten  million 
(10‘7)  is  our  desired  goal.  This  can  be  translated  to 
Signal-to-Noise  Ratio  (SNR),  which  relates  closely  to 
the  system  eouipment  capabilities  and  the  wire 
transmission  characteristics.  In  a  digital 
transmission  system,  the  value  of  SNR  required  to 
achieve  a  given  BER  varies  with  many  details, 
including  the  number  of  different  symbols  (levels) 
transmitted.  Increasing  the  received  signal  strength 
with  respect  to  noise  will  clearly  be  an  advantage 
but  certain  noise  components  such  as  near-end 
crosstalk  will  increase  proportionately.  That  is, 
when  noise  components  like  self  or  similar  system 
near-end  crosstalk  dominate,  the  SNR  is  not  affected 
by  the  (common)  transmit  level.  Furthermote, 
spectrum  management  considerations  and  device 
constraints  may  limit  signal  amplitudes  of  certain 
systems. 

The  SNR’s  required  to  achieve  I0’7  BER  for  some 
typical  digital  transmission  schemes  are  presented  in 
Table  1.'  The  values  in  Table  1  are  based  on  the 
assumption  that  the  total  interference  is 
characterized  as  Gaussian.  Note  that  the  four  level 
code  2B1Q  requires  a  SNR  of  24.0  dB  compared  to  a 
binary  code  requirement  of  only  14.3  dB.  The 
greatly  reduced  bandwidth  required  for  2B1Q  results 
in  much  lower  signal  attenuation,  while  at  the  same 
time  the  crosstalk  loss  is  much  higher.  That  is,  while 
the  received  signal  strength  S  has  gone  up,  the  noise 
N  has  come  down  so  that  the  much  larger  S/N 
requirement  for  the  4-level  code  can  still  be  met  more 
easily  than  that  for  the  simpler  binary  code. 

All  the  impairments  discussed  earlier  may  contribute 
to  the  noise  N.  However,  there  are  several  sources 


360  International  Wire  &  Cable  Symposium  Proceedings  1988 


of  noise  that  cannot  be  easily  quantified,  or  are 
uncertain  or  unknown.  Thus  it  is  customary  to  allow 
a  margin  in  addition  to  the  theoretical  SNR 
requirement  in  deriving  performance  criteria.  We 
shall  not  dwell  on  the  details  here.  Suffice  it  to  say 
that  based  on  engineering  judgment  and  by 
consensus,  a  margin  of  12  dB  against  theoretical 
calculations  based  primarily  on  NEXT  and  ISI,  was 
accepted  for  ISDN  Basic  Access/9  We  shall  use  this 
as  the  basis  for  our  discussion.  In  what  follows 
S/N  will  be  replaced  by  S/NEXT,  to  emphasize  the 
fact  that  NEXT  is  assumed  to  be  the  dominant 
source  of  interference. 

LOOP  PREMISES  WIRING  CHARACTERIZATION 

For  both  outside  plant  cables  and  premises  wiring, 
three  important  attributes  of  a  transmission  system 
are  crosstalk  compatibility  and  range.  As  discussed 
above,  we  assume  that  the  most  significant  factor 
determining  the  maximum  bit  rate  to  distance 
relationship  is  NEXT.  So  far  we  have  assumed  that 
the  disturbing  pairs  in  a  cable  are  serving  the  same 
type  of  systems  as  the  disturbed  pair.  When  this  is 
the  case,  we  speak  of  self-NEXT  and  compatibility 
will  imply  their  ability  to  coexist.  Often,  different 
types  of  systems  are  deployed  on  twisted  pairs  within 
the  same  cable.  In  such  cases  NEXT  is  also 
important,  and  assuring  compatibility  among 
systems,  usually  referred  to  as  spectrum 
management,  is  a  major  concern  of  systems  designers 
and  transmission  engineers.  In  this  paper  we  shall 
consider  only  self-NEXT. 

The  range  of  a  system  is  the  maximum  distance  over 
which  the  system  will  operate  satisfactorily.  The 
measure  of  the  available  signal-tonoise  ratio  at  the 
input  to  the  signal  receiver,  in  turn  depends  on  the 
attenuation  of  the  transmitted  signal  and  the  level  of 
noise,  including  crosstalk  from  other  systems.  An 
ideal  loop  would  be  one  of  uniform  characteristics 
from  the  transmitter  to  the  receiver.  But  in  general 
loops  have  more  complicated  makeup  with  not  only 
different  gauge  pairs  spliced  together,  but  may  also 
have  one  or  more  bridged  taps  of  varying  lengths  and 
locations.  These  taps  contribute  significantly  to  the 
loss  of  the  loop.  Thus  for  our  purposes,  it  is  more 
appropriate  to  think  of  range  in  terms  of  loop  loss 
than  in  terms  of  actual  loop  length. 

In  any  application,  the  bit  rate  versus  range 
capability  depends  not  only  on  the  transmission 
medium  but  also  depends  strongly  on  transmit  and 
receive  electronics.  Also  the  bit  rate  on  the  line  may 
differ  from  the  customer  data  rate.  For  example, 
reference*2*  discusses  the  effects  of  different  line  codes 
(with  associated  optimum  equalizing  etc)  in  achieving 
maximum  coverage  of  the  non-loaded  loop  plant  for 
ISDN  Basic  Access.  Among  the  factors  affecting  the 
performance  of  each  code  are  its  S/NEXT 
requirements  (Table  1)  and  the  degree  to  which  it 
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takes  advantage  of  the  cable  loss  and  crosstalk 
characteristics  through  bandwidth  reduction.  Our 
goal  here  is  to  define  a  process  whereby  we  can  give 
a  reasonable  idea  of  the  bit  rate  capability  of  twisted 
wire  pairs  without  specific  reference  to  any  specific 
system.  Therefore  we  shall  concentrate  on  NEXT 
with  the  assumption  that  improvements  possible 
from  the  transmit  and  receive  electronics  are  all  in 
place. 

Outside  Plant 

The  plot  designated  OSP,  the  third  from  the  top  iq 
Figure  1  is  a  NEXT  model  for  outside  plant  cable.1 
(Other  curves  and  points  represent  premises  wiring 
cables  and  are  discussed  in  Section  5.)  The  OSP  plot 
was  derived  from  a  computer  simulation  of  a  lumped 
parameter  model.  The  model  was  calibrated  at  772 
KHz.  a  frequency  for  which  .  extensive  field 
measurement  data  were  available.1  -  This  calibration 
allowed  the  definition  of  the  lumped  parameters  of 
the  computer  model.  Simulation  at  several  selected 
frequencies  then  facilitated  the  derivation  of  the  plot. 
The  plot  represents  the  1%  worst  power  sum  NEXT 
points  when  the  disturbers  are  single  frequency 
sources.  The  1%  point  here  means  that  99%  of  the 
simulated  NEXT  power  sum  values  were  better  (i.e., 
have  higher  loss)  than  this  value.  Any  individual 
cable  at  any  given  frequency  may  have  better  or 
worse  NEXT  performance  than  given  by  the  model. 

The  model  also  assumes  colocation  of  up  to  49 
disturbing  transmitters  with  the  disturbed  receiver, 
in  a  50-pair  binder  group  over  a  long  enough  common 
route  in  the  cable  to  approach  essentially  maximum 
crosstalk  coupling.  The  mode!  is  based  on 
termination  of  individual  pairs  with  approximately 
their  characteristic  impedance.  The  model  does  not 
reurosent  crosstalk  loss  between  individual  pairs  in  a 
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cable.  The  crosstalk  losses  differ  from  one  to  another 
and  have  different  shapes  versus  frequency.  Note 
that  NEXT  loss,  decreases  with  frequency  at  about  Id 
dB  per  decade  These  are  consistent  with  theoretical 
predictions  and  field  measurements. 


40  80  150  772  1600  3150  6300 


FREQUENCY  fkH»j 

Figure  1:  NEXT  Models  For  Inside  Wire  And  Outside  Plant  Cable 

Recent  NEXT  measurements  made  on  loops  that 
included  significant  amounts  of  central  office  wiring 
generally  agree  with  the  model  but  show  a  little  less 
crosstalk  loss.  The  measurements  may  indicate  that 
central  office  wire  and  wiring  practices  need  further 
review.  As  a  first  step  in  investigating  the  question, 
we  performed  some  measurements  of  building  wire. 

Inaide  Wiring  Cable 

The  contribution  to  the  NEXT  power  sum  at  the  end 
point  of  a  cable  from  coupling  at  distant. points  drops 
off  rapidly  for  increasing  distance.'1  Figure  2 
illustrates  the  importance  of  careful  look  at  inside 
wiring.  The  plots  in  Figure  2  display  the  percentage 
of  NEXT  (power)  as  a  function  of  exposure  length  for 
selected  frequencies.  It  is  clear  from  these  plots  that, 
at  high  bit  rates,  the  bulk  of  NEXT  contributed  by  a 
loop  may  occur  within  the  building  wiring,  especially 
in  a  campus-like  environment,  high  rise  buildings,  or 
a  large  or  multi-story  central  office  where  the  switch 
may  be  some  distance  from  the  main  distributing 
frame.  (At  the  80 FJ  point  of  a  curve,  the  NEXT  is 
about  1  dB  less  than  the  lOOFc  value  (asymptotic  or 
converged  NEXT.) 

The  physical  characteristics  of  inside  wiring  cables 
are  different  from  those  of  the  outside  plant  cable. 
Inside  wire  and  cable  designs  require  special 
materials  to  meet  the  fire  safety  criteria.  Polyvinyl 
chloride  (PVC)  insulation  is  the  most  often  used 
insulation  for  inside  w  ring  and  cable  since  it 
provides  protection  against  fire  hazard.  In  situations 
where  more  stringent  fire  resistance  requirements 
apply,  fluoropolymers  are  often  used. 


Figure  2:  1%  Worst  Power  Sum  NEXT  By  Exposure  Length 

Samples  of  inside  wiring  cables  from  four  different 
vendors  were  used  in  our  measurements  to 
characterize  inside  wiring  cables.  Attenuation  and 
crosstalk  were  measured  using  a  DCM  model  CMS- 
2PCX  Computerized  Automatic  Cable  Measuring 
System.  The  measurement  technique  can  be 
summarized  by  stating  that  the  attenuation  is 
measured  directly  in  dB  by  a  signal  analyzer 
subsystem  that  consists  basically  of  a  single  or  dual 
channel  narrow-band  signal  detector,  a  stable  signal 
oscillator  to  stimulate  the  cable  under  test,  and 
interface  switching  for  control  of  the  drive  and 
receive  signal  paths. 

Near-end  crosstalk  loss  is  measured  by  applying  an 
oscillator  to  one  pair  and  a  detector  to  another.  The 
cable  pairs  under  test  are  driven  and  terminated  in 
stablp  circuit  impedances  that  closely  approximate 
their  characteristic  impedance  at  carrier  frequencies. 
Since  telephone  cable  pairs  are  used  in  the  balanced 
mode,  the  single-ended  output  of  the  oscillator  and 
detector  test  signal  input  are  impedance  matched 
using  precision  broad-band  balancing  transformers. 

RESULTS 

Table  2  summarizes  the  diameter  over  dielectric 
(DOD).  the  coaxial  and  mutual  capacitance  and  the 
dielectric  constant  data  of  the  four  inside  wiring 
cable  samples  used  for  this  characterization.  In 
estimating  range  of  transmitted  distance  versus  bit 
rates.  NEXT  and  attenuation  are  the  two  key 
factors.  The  effect  of  splicing  on  crosstalk  and 
attenuation  was  measured  on  one  cable  group  and 
found  to  be  negligible  for  good  splices.  Next,  the 
effect  of  bridged  tap  was  measured.  Table  3  is  a 
summary  of  the  measured  values  for  cable  sample 
#1.  The  total  length  of  the  cable  was  897  feet.  A 
bridged  lap  of  length  315  feet  was  placed  at  the 
transmitting  end  (column  VI);  300  feet  from  the 
transmitting  end  (column  V);  or  at  600  feet  from  the 
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Table  2. 

25/24  D  INSIDE  WIRE 

Sample 

DOD 
Avg  Ins 

Coaxial 

Capacitance 

(M  F/kft) 

Mutual  Capacitance 
nF/mile 

Dielectric  Const. 

<  m 

1 

0.032 

0.124 
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3  4 

2 

0  031 

0  120 

107 

3.1 

3 

0  033 

0.118 

115 

3.5 

4 

0032 

0  134 

116 

3  7 

Tabic  3 

Attenuation  and  Power  Sum  (1*8)  NEXT  of  Sample  I  (25/24  D  Inside  Wire) 

With  or  Without  a  Bridge  Tap  (B  T  ) 
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Table  3  (Continued  | 

~IV  V  V! 


Kreq 

(kHz) 

;  All  (dB) 

Avg 

PS  NEXT  (dB) 

Avg  Worst  o 

!  An  (dB) 

Avg 

PS 

Avg 

NEXT  (dB) 

Wor-l  o 

Ait  MB) 

PS  NEXT  (dB) 
Avg  Worst  ° 

40 

2  01 

70  2 

63  2 

I 

29  1 

2  03 

71  1 

63  9 

2  9  ' 

2  04 

72  4 

64  9 

3  1 

80 

2  7k 

65  4 

58.5 

26  j 

2  73 

66  0 

5*  7 

2  6 

2  69 

66  4 

59  0 

2  x 

150 

1  13 

61  1 

55  0 

2  2 

4  16 

60  5 

53  4 

2  5 

3  79 

60  K 

53  5 

27 

772 

7  69 

50  9 

45  5 

2  4  1 

7  74 

50  9 

43  3 

3  1 

7  90 

51  1 

13  0 

3  2 

1C00 

|  13  22 

45  3 

41  1 

2  4 

13  22 

46  1 

« 

2  9 

!  4  05 

45  9 

35  7 

3  1 

3150 

J6  9| 

42  2 

35  6 

3  4  1 

1  1701 

42  5 

34  7 

3  x 

i  7  30 

42  4 

34  6 

3  K 

6300 

i  25  02 

3X3 

31  6 

2  3 

1  25  f>! 

3K  4 

34  7 

2  5 

25  55 

3*  1 

34  3 

2  5 

transmitting  end  (column  IV).  The  attenuation,  the 
average  crosstalk,  the  standard  deviation  and  the 
worst  crosstalk  (of  all  the  24  possible  values}  for  all 
these  cases  are  given  in  Table  3  for  a  set  of 
frequencies  from  40  KHz  to  6.3  MHz.  The  effect  of 
bridged  tap  on  the  attenuation  of  the  cable  sample 
was  evident  at  all  frequencies,  resulting  in  an 
attenuation  increase  with  frequency.  At  6.3  MHz  the 
attenuation  increase  was  as  much  as  3.8  to  4.4  dB. 
Also,  the  location  of  the  bridged  tap  was  significant 
(as  expected).  It  was  observed  that  the  bridged  tap 


nearest  to  the  transmit  end  produced  higher  ioss 
than  at  other  locations,  especially  at  higher 
frequencies.  No  appreciable  difference  in  NEXT  (or 
FEXT)  was  observed  with  ih-  bridged  tap  at  any  of 
the  locations. 

It  is  known  from  theoretical  estimates  that  the  worst 
effect  of  a  bridged  tap  is  generally  felt  when  its 
lenglh  is  of  quarter  wavelength:  therefore,  additional 
measurements  at  772  KHz  and  1.6  MHz  were  made 
with  bridged  taps  having  approximate  quarter 
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wavelengths  of  210  feet  and  102  feet,  respectively. 
These  taps  were  cut  from  cable  sample  2.  Table  4 
displays  the  details  of  these  measurements.  As 
expected,  the  attenuation  increased  significantly  with 
these  bridged  taps  for  each  case.  At  772  KHz  it 
increased  from  7.15  dB  to  16.71  dB  when  the  210  foot 
bridged  tap  was  placed  at  the  signaling  end.  These 
results  are  an  indication  of  the  need  for  extra 
caution  when  bridged  taps  are  present.  Note  that 
one  of  the  principal  contributors  to  increased  loss 
was  impedance  effect  of  the  bridged  tap. 

Table  5  summarizes  the  measurements  made  on  the 
four  premises  cable  samples.  The  automatic  test  set 
computes  the  attenuation  and  the  NEXT  values  both 
in  dB/kft  from  the  measured  values.  The  correction 
factor  for  computation  of  NEXT  in  dB/kft  can  be 
found  in  reference11™  and  also  in  Table  5  along  with 
other  equations  for  "Total  Average  NEXT"  and  "l% 
NEXT."  Using  the  corrected  value  for  NEXT  in 
dB/kft  in  the  equation  for  Total  Average  NEXT,  the 
\%  NEXT  is  calculated. 


Example:  Sample  #1  -  897  ft. 
At  772  kHz, 


Measured  Avg.  Attenuation  =  7.15  dB/kft. 
Measured  Avg.  Power  Sum  NEXT  =  51.04  dB 
Computed  Standard  Deviation  a  =  3.1  dB 


Computed  Avg.  NEXTm  =  next  +  io  log 
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\%  NEXT  =  Total  Avg.  NEXT  -  2.33  a 
=  50.8  -  2.33  x  3.1 
=  43.6  dB 
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Table  4 

AUrini.il urn  and  Power  Slim  (PS)  NKXT  of  Sample  1  (25/24  I)  Inside  Wire) 
Including  a  Bridge  lap  (B  T  )  With  a  Quarter  Wavelength  Sample 
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Table  5 


Transmission  Characteristics  of  25/24  D  Inside  Wire 
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worst-40.7 

<7  -  2.2 

39.8 

x  -  10  94 

x  -  38  6 

worst-36  9 

(7-11 

36  0 

3150 

z  -  16.25 

x-  42.2 
worst-36.0 
<7  -  3.1 

35.0 

x  -  11  84 

x  -  36.5 
worst- 33. 5 

<7  -  2.4 

309 

;  -  is  79 

x  -  40.2 
worst-37  8 

<7  -  14 

36  9 

x  -  16  17 

x  -  34  7 

worst-32.9 

(7  -  1 .3 

31  7 

6300 

z  -  23.71 

x  -  37.9 

worst-32.9 
a  -  2  8 

31  4 

x  -  21.92 

x  -  32.5 

worst  -30.1 

(7-17 

28.5 

z  -  23.18 

x  -  36  6 
worst- 34  0 
<7-1.6 

32.9 

x  -  24  21 

x  -  30  9 
worst -28  4 

(7-11 

28  3 

NOTE: 


NEXT„{iB/kft)  =  next  +  10  log 


1-10 


1-10 


Total  Avg  NEXT  (rf/<)  =  Nt'XT„  -  10  log 


1%  NEXT  (<in)  =  Total  Avg.  NEXT  -  2.33  < 


where, 

next  ====  Measured  value  of  NEXT  in  dB 
a  =  Average  attenuation  in  dB/kft 

i  ==  Average  value  of  25  pairs 

o  ===  Standard  Deviat'  in 

t  =  Length  of  cable 


The  individual  1 %  NEXT  values  for  each  sample 
were  then  derived  from  computed  total  average 
NEXT  and  the  standard  deviation  as  shown  above. 
For  each  of  the  four  samples,  the  1%  NEXT  values 
were  plotted  as  shown  in  Figure  1.  The  plots  for 
samples  #1  and  #3  indicate  better  crosstalk 
characteristics  than  that  displayed  by  the  outside 
plant  (OSP)  model.  But  the  plots  for  samples  #2 
and  #4,  which  are  almost  identical,  are  consistently 
about  2  dB  below  the  OSP  model.  To  be  on  the 
conservative  side,  the  NEXT  model  for  inside  wiring 
was  estimated  from  samples  #2  and  #4  and  is 
displayed  in  Figure  3.  It  is  important  to  note  that 
this  model  does  not  take  into  consideration  the 
effects  of  bridged  taps  or  gauge  changes. 


The  NEXT  model  can  now  be  used  to  estimate  the 
bit  rate  versus  range  values.  The  bottom  three  plots 
in  Figure  3  are  for  signal  loss  (not  crosstalk  loss) 
required  to  achieve  the  required  S/NEXT  at  the 
given  frequency  for  binary  transmission  with  margins 
of  6  dB,  12  dB  and  18  dB  respectively.  As  discussed 
earlier,  a  margin  of  12  dB  is  considered  to  be  a 
conservative  allowance  for  all  the  unknowns  etc. 
However,  we  saw  above  that,  bridged  taps  may  add 
significantly  to  loss  and  therefore  must  either  be 
added  to  the  loss  considerations  or  be  included  in  the 
margin.  In  the  latter  case,  a  margin  of  18  dB  may 
not  be  far-fetched.  Furthermore,  the  frequency  in 
Figure  3  is  not  directly  translatable  into  bit  rate 
because  any  digital  signal  covers  a  band  of 
frequencies  rather  than  just  one. 


I 
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DISCUSSION 

From  the  plots  of  Figure  3  a  corresponding  set  of 
curves  have  been  drawn  and  displayed  in  Figure  4  for 
use  as  a  model  for  considering  the  trade-off  of 
transmission  rate  versus  transmission  distance  for 
premises  wiring.  We  emphasize  that  these  curves 
should  not  be  applied  to  any  individual  system.  ,\s 
suggested  earlier,  for  digital  systems  there  is  in 
general  no  simple  relationship  between  bit  rate  and 
frequency.  We  saw  that  the  crosstalk  loss  worsens 
and  the  loss  increases  rapidly  with  frequency.  Thus 
a  system  may  be  designed,  for  example,  to  increase 
the  low  frequency  components  and  filter  the 
relatively  strong  high  frequency  components.  F'or 
such  a  system,  the  practice  of  taking  the  center 
frequency  (e.g.,  772  KHz  for  the  1  .oil  mbps  AMI 
digital  system)  to  represent  the  system  and  use  the 
plots  from  Figure  -4  will  yield  results  that  are  too 
pessimistic.  Noise  and  signal  must  he  considered  as  a 
whole  over  the  signal  bandwidth  to  obtain  accurate 
signal  to  noise  ratios.  Our  purpose  was  to  obtain  a 
simplified  model  that  does  not  depend  on  details  of 
system  design.  Therefore,  further  work  is  needed 
before  this  result  can  be  applicable  to  any  specific 
system  design. 


40  80  150  772  1600  i  150  6300 

FREQUENCY  ikHzi 


Figure  3:  NEXT  Model  And  SNR  Plus  Margins  For  Inside  Wires 

In  summary,  these  plots  are  useful  indicators  in 
estimating  the  trends  of  transmission  rate  versus 
distance  with  applications  in  areas  such  as  cable 
manufacturing,  office  wire  planning  for 
telecommunications  and  high  speed  data 
transmission. 


40  80  150  773  1600  3150  6300 

FREQUENCY  (kHz) 

Figure  4:  Distance  Vs  Frequency 
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Transmission  and  Shielding  Considerations 
in  Communication  Cables 

J.  W.  LEVENGOOD 


I 


AT&T  Technolog 


ies 


1.  INTRODUCTION 

Shielding  of  various  types  have  been  used  on  paired 
cables  for  many  years.  Many  papers  tiave  been  written 
on  this  subject,  but  they  usually  only  investigate  the 
degree  of  shielding.  What  we  propose  to  do  in  this 
paper  is  to  provide  information  (test  results)  on  shielding 
effectiveness  of  various  shield  materials  (thin  foils, 
thicker  foils,  dual  foils,  braids,  and  hybrid  shields  of 
both  foil  and  braid).  The  edge  preparation  is  considered 
in  that  both  flat  foil  and  ”Z”  foil  shield"  are  used  in  the 
samples.  The  method  of  application  of  these  shields  is 
considered  in  that  samples  were  made  with  the  shields 
applied  in  the  twisting  operation  using  both  a  single 
i wist  its  well  as  a  double  twist  machine.  Representatives 
of  each  shield  type  was  made  up  into  single  pair  cables, 
two  pair  cables  and  twelve  pair  cables.  In  the  last  two 
cases  overall  shield  samples  were  also  included.  The 
transmission  parameters  on  each  of  these  cables  as  well 
as  the  crosstalk  on  the  twelve  pair  cables  was  measured 
and  is  presented 

2.  SAMPLE  PREPARATION 

There  are  a  total  of  28  cables  that  were  made  for  the 
shielding  study.  There  are  seven  one  pair  cables,  nine 
two  pair  cables,  and  twelve  twelve  pair  cables. 

All  wires  of  a  given  color  were  made  in  a  continuous 
operation.  All  pairs  of  a  given  color  were  made  on  the 
same  equipment  in  a  continuous  operation  except  where 
noted.  These  steps  were  used  in  order  to  minimize  the 
effect  of  wire  or  pair  differencies.  In  the  cases  where 
individually  shielded  pairs  were  used  each  pair  was 
treated  the  same  (and  manufactured)  and  placed  into 
the  appropriate  cable  whether  single  pair,  two  pair,  or 
twelve  pair.  The  twist  length  of  each  pair  color  was 
maintained  the  same  in  all  cables  and  the  twist  length 
scheme  was  such  that  there  were  few  if  any  repents  in  a 
cable.  In  each  set  of  cables,  at  least  one  cable  was  not 
shielded  so  it  could  l>e  used  as  a  reference. 

For  the  single  pair  cables  the  following  list  gives  the  per¬ 
tinent  data. 


TABLE  1.  SINGLE  PAIR  CABLES 


CABLE 

SHIELD  TREATMENT 

XA01 

No  shield. 

XA02 

0.0003  inch  aluminum  shield  on  a  polyester  film 
applied  longitudinally  with  a  flat  fold  during 
the  twisting  operation  using  a  single  twist 
machine. 

XA03 

0.0003  inch  aluminum  shield  on  a  polyester  film 
applied  longitudinally  with  a  flat  fold  during 
the  twisting  operation  using  a  double  twist 
machine. 

XACH 

0  0003  inch  aluminum  shield  on  a  polyester  film 
applied  longitudinally  with  a  "Z"  fold  during 
the  twisting  operation  using  a  single  twist 
machine. 

XA05 

0.0003  inch  aluminum  shield  on  a  polyester  film 
applied  longitudinally  with  a  "Z"  fold  during 
the  twisting  operation  using  a  double  twist 
machine. 

XA06 

0  001  inch  aluminum  shield  on  a  polyester  film 
applied  longitudinally  with  a  flat  fold  during 
the  twisting  operation. 

XA07 

90%  (actual  coverage  88%)  braid  shield. 

TABLE  2.  TWO  PAIR  CABLES 


CABLE 

SHIELD  TREATMENT 

XB01 

No  shield. 

XB02 

Individual  0.0003  inch  aluminum  shield  on  a 
polyester  film  applied  longitudinally  with  a  flat 
fold  during  the  twisting  operation. 

XB03 

Individual  0.0003  inch  aluminum  shield  on  a 
polyester  film  applied  longitudinally  with  a  "Z" 
fold  during  the  twisting  operation. 

XB0I 

Individual  0  001  inch  aluminum  shield  on  a 
polyester  film  applied  longitudinally  with  a  flat 
fold  during  the  twisting  operation. 

XB05 

Individual  braided  shield  (88rf  coverage). 

XB0G 

Individual  0.001  inch  aluminum  shield  on  a 
polyester  film  applied  longitudinally  with  a  flat 
fold  during  the  twisting  operation  with  an 
overall  braided  shield  (88^  coverage). 

XB07 

Overall  0  001  inch  aluminum  shield  on  a  polyes¬ 
ter  film  applied  longitudinally  with  a  flat  fold 
seam 
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CABLE 

SHIELD  TREATMENT 

XB08 

Dual  overall  0.001  inch  aluminum  shields  on  a 
polyester  film  applied  longitudinally  with  oppo¬ 
site  flat  fold  seams.  Inner  shield  with  alumi¬ 
num  out  and  outer  shield  with  aluminum  in  and 
drain  between  shields. 

XB09 

Hybrid  overall  0.001  inch  aluminum  shield  on  a 
polyester  film  applied  longitudinally  with  a  flat 
fold  seam  with  a  88%  coverage  braid. 

TABLE  3.  TWELVE  PAIR  CABLES 


CABLE 

SHIELD  TREATMENT 

XC01 

No  shield.  This  cable  had  core  with  a  15  inch 
lay. 

XC02 

Individual  0  0003  inch  aluminum  shield  on  a 
polyester  Him  applied  longitudinally  with  a  flat 
fold  during  the  twisting  operation. 

XC03 

Individual  0.0003  inch  aluminum  shield  on  a 
polyester  film  applied  longitudinally  with  a  "Z" 
fold  during  the  twisting  operation. 

XCO-I 

Individual  0  001  inch  aluminum  shield  on  a 
polyester  film  applied  longitudinally  with  a  flat 
fold  during  the  twisting  operation. 

XC05 

Individual  braided  shield  (88%  coverage). 

XC06 

Overall  0.001  inch  aluminum  shield  on  a  polyes¬ 
ter  film  applied  longitudinally  with  a  flat  fold 
seam  This  cable  had  a  layless  core. 

XC07 

Overall  0.001  inch  aluminum  shield  on  a  polyes¬ 
ter  film  applied  longitudinally  with  a  flat  fold 
seam.  This  cable  had  core  with  a  15  inch  lay 

XC08 

No  shield.  This  cable  had  core  with  a  15  inch 
lay  using  an  oscillating  face  plate. 

XC09 

Dual  overall  0.01  inch  aluminum  shields  on  a 
polyester  film  applied  longitudinally  with  oppo¬ 
site  flat  fold  seams  Inner  shield  with  alumi¬ 
num  out  and  outer  shield  with  aluminum  in  and 
drain  between  shields.  This  cable  had  core  with 
a  15  inch  lay. 

XC10 

Overall  braided  shield  (88%  coverage).  This 
cable  had  core  with  a  15  incli  lay. 

XC1I 

Hybrid  overall  0.001  inch  aluminum  shield  on  a 
polyester  film  applied  longitudinally  with  a  flat 
fold  seam  with  a  70%  coverage  braid.  This  cable 
had  core  with  a  15  inch  lay. 

XC12 

Hybrid  overall  0.001  inch  aluminum  shield  on  a 
polyester  film  applied  longitudinally  with  a  flat 
fold  seam  with  a  88%  coverage  braid  Tins  table 
had  core  with  a  15  inch  lay. 

3.  DISCUSSION 

3.1  TRANSMISSION  LINE 

The  equations  of  transmission  lines  have  been  developed 
by  many  authors  using  different  methods.  We  do  not 
propose  to  develop  these  equations  here  but  to  use  those 
available  from  the  literature.  The  following  work  is 
based  upon  the  work  by  Dr.  Chipmani‘1. 

A  transmission  line  may  be  modeled  many  ways,  but 
from  an  engineering  standpoint  the  simpler  the  model 


the  better  as  long  as  it  is  adequate  to  define  what  is  hap¬ 
pening. 

IN  THE  FREQUENCY  DOMAIN 


Figure  1.  TRANSMISSION  LINE 
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Figure  2.  SEGMENT  OF  TRANSMISSION  LINE 

Figures  1  and  2  show  a  transmission  line  and  a  segment 
of  that  transmission  line  at  a  position  z.  I'sing  the  dis¬ 
tributed  parameters  shown  in  that  segment  the  equa¬ 
tions  for  the  transmission  of  a  signal  along  the  line  can 
be  developed. 

AK(r)=  V(z  +  A*)-  !'(*)  (1) 

=  -R  Az  I(z)  —  j  u)  L  A;  l(z) 


ltz  ]  /-A;  n-v-’ 


l  U) 

rd 


M(z)  =  I{z  +  Ai)  -  /(.-) 

—  —  G  Az  V(z)~  jujC  Az  V(z) 


,.m 

A;  dz 


A:-*  oc 


i*L  l(z) 


(2) 

(3) 


lim  Mil  _  "lit 

Ar-oo  A'  dz  1  1 

-  .-u;C  V(Z) 

(-0 

~7^-  =-(/?+  «A/, 
dz 

)  /(-') 

(5) 

dz  ~  G+  ,ujC 

)  »'(*) 

(6) 

Differentiating  both  sides  we  obtain: 

U+wl) 

Mil 

dz 

(") 

=  -(  G  +  iu.’C  ) 

az~ 

mm 

d: 

(») 
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Solving  for  — ^  from  equation  (7)  and  substituting 
dz 


Obtaining  t he  value  of  I(Z  I  from  equation  (18)  we  get: 


back  into  equation  (6)  we  get: 


H  7  e  1:  =  (R  +  ]^L)lxe~ 


(25) 


-  (R  +  >-■£)(«  +  ^CH'(-)  =  ('  (0) 

dz' 


Solving  for  -  and  substituting  from  equation  (12)  for 

/ 1 


dV(~) 


we  get: 


Solving  for  “ ' from  equation  (8)  and  substitute 
a : 


back  into  equation  (5)  we  get: 


lL  _  1 R  ±  J-L) 

h 


V(R  +  j~-L)(G  +  jcC) 


(20) 


-  (R  +  >vi)(G  +  j-AiC')I(z)  =  0  (10) 


<fe* 


where: 


= 


r’  =  (R  +  ju.-L)(G  +  j+-C) 


7  =  v/(/f  +  +  j~-C) 

^4^-  -  r  »•(.’)  =  0 


dz' 


(11) 

(12) 

(13) 


(«  +  U-C) 


(27) 

(28) 


^44-  -  '-/(-)  =  0 

az~ 


in) 


The  equations  for  7  and  lu  lend  themselves  to  simpliti- 
cation  in  certain  regions  of  the  frequency  domain 
depending  on  the  relative  value  of  the  elements  involved. 
At  frequencies  such  that  R » ^  L  (usually  below  10 
KHz)  and  x('»G  (generally  for  all  frequencies)  : 


These  are  linear,  homogeneous  second  order  equations 
which  have  solutions  of  the  form  of:* 


7  =  v  j~CR  =  \fZcR  at  an  angle  of  — 


(29) 


W|7  -  r ,  m«/ 

y  =  C  j  e  +  l  ie 

y  — 

R 

R 

Therefore: 

/>  0  — 

}~C 

-vC 

at  an  angle  of  — -j-  (30) 


V(z)=  V,e  -•>-•+  We1'- 
/(c)  =  +  be1' 


(15) 

(IK) 


At  frequencies  such  that  jz L»R  (usually  above  100 
KHz)  and  cf»  G: 


The  equations  show  two  signals  one  traveling  in  the  +z 
direction  and  one  in  the  -z  direction.  The  first  would  be 
derived  from  the  source  and  the  second  if  it  exists  would 
be  due  to  reflections  from  the  load. 


1  =  j^vTc  =  J 


/-o  = 


(31) 

(32) 


If  we  consider  a  system  where  there  are  no  reflected 
waves  t  lien: 


H-)  =  He"” 
/(e)  =  !xe--’ 


(1/) 

(IS) 


However,  even  though  alpha  will  be  small  compared  to 
beta  it  is  still  important  and  can  be  found  by  expanding 
the  expression  for  7  in  a  binomial  series  and  retaining 
only  tin  low  order  terms.  Therefore: 

T* 


Since  gamma  is  a  complex  variable  we  can  define: 


*> 


(33) 


7=a  +  j.i 

and 

l '(e)  =  r,e  — 
/(e)  =  / 


(19) 


3.2  EQUIVALENT  CIRCUIT  PARAMETERS 


(20) 

(21) 


Where: 


+  jJ  =  V(R  +  J^I.)(G  - f  j^G)  (22) 


The  characteristic  impedance  of  the  line  can  be  deter¬ 
mined  by  differentiating  equation  (17): 


The  equivalent  circuit  parameters  of  a  transmission  line 
(see  Figure  2)  are  the  distributee!  resistance,  inductance, 
capacitance,  and  conductance.  These  values  are  func¬ 
tions  of  the  mechanical  positioning  of  the  various  ele¬ 
ments  of  the  line  and  the  electrical  characteristics  of  the 
materials  involved  in  the  line.  Resistance  and  inductance 
are  also  functions  of  frequency. 


dz 


(23) 


and  substituting  into  equation  (5). 

—  I  t  -  r  '=—(/?  +  j+l,)! 


cl.  2.1  R /:.7'/.s  T.\ \( 'E  The  parameter  of  resistance  will 
vary  with  frequency,  but  is  also  effected  by  all  parts  of 
(he  transmission  line  around  it.  We  can  consider  three 
regions  of  interest  with  respect  to  frequency.  They  are: 


(21) 


"CRC  MATIIKMA  TICAI.  TAUI.ES".  20th  EDITION.  CRC 
PRESS.  BOC  A  RATON  FLORIDA 
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Low  Frequency 


R  =  2  Rt  +  /?„,  (31) 

Intermediate  Frequency 

R  —  2  Re  +  R3.2  (33) 

High  Frequency 

R  =  2  Rc  +  2  /?f  -(-  Rs- j  (36) 

where: 

I!e  =  resistance  in  space  of  a  single  conductor 
with  a  coaxial  return 
R3[  =  proximity  effect  of  the  shield 
at  low  frequencies. 

R32  —  proximity  effect  of  the  shield. 

at  intermediate  frequencies. 

Rt  j  =  proximity  effect  of  the  shield, 
at  high  frequencies. 

2  6,  Re  =  proximity  effect  of  the  two  conductors 
on  each  other 


where: 

C jo  =  direct  capacitance  of  the  two  wires 
in  a  pair. 

f-'iy  =  capacitance  on  wire  1  to  the  rest 
of  the  world. 

C< g  —  capacitance  on  wire  2  to  the  rest 
of  the  world 

■i  2  .(  COXDl’CTASCE  For  most  materials  used  in  the 
modern  transmission  lines  the  value  of  mutual  conduc¬ 
tance  (C)  is  small  (i.e. G  «  jxC)  and  may  lie  determined 
from  the  power  factor  (/’/•')  of  the  dielectric  constant  as 
follows: 

C  =  2  7T  ful:  C  PR  (  II) 

3.3  CROSSTALK 

If  the  signals  are  transmitted  in  only  one  direction  in  a 
cable  then  only  far  end  crosstalk  (FEXT)  is  of  impor¬ 
tance.  however,  if  signals  go  both  ways  in  a  cable  then 
near  end  crosstalk  (NEXT)  must  also  be  considered. 


■‘1.2.2  INDUCTANCE  The  parameter  of  inductance  will 
also  vary  with  frequency  and  is  also  effected  by  all  parts 
of  the  transmission  line  around  it.  We  can  consider 
three  regions  of  interest  with  respect  to  frequency.  They 
arc: 

Low  Frequency 

L  ~  /.  space  T  -  /.  i  T 
Intermediate  Frequency 

L  =  R space  +  2  Lj  +  L.,o 

High  Frequency 

L  =  I' space  +  2  (6|  +  1)  L,  +  L,3 

where: 

f  space  =  external  inductance  in  space 

of  the  tiro  conductors  of  a  pair 
/,,  =  internal  inductance  of  a  single  conductor 
in  space 

/,,i  =  proximity  effect  of  the  shield 
at  low  frequencies. 

=  proximity  effect  of  the  shield 
at  intermediate  frequencies 
l-s.i  =  proximity  effect  of  the  shield 
at  high  frequencies 

2f)\L,  =  proximity  effect  of  the  two  conductors 
on  each  other. 

3..2..1  CAPACITASCl-  The  mutual  capacitance  (C) 
does  not  vary  with  frequency  if  1  he  dielectric  constant  of 
the  insulation  material  is  constant  with  frequency.  A 
thorough  discussion  of  the  capacitance  of  a  shielded  bal¬ 
anced  pair  is  covered  in  the  literature." 


(37) 

(38) 

(39) 


C=  + 


ri?  +  f'-jj 


(10) 


Crosstalk  in  a  cable  or  transmission  system  is  defined  as 
the  intrusion  into  the  cable  or  transmission  system  of 
unwanted  signals  from  other  sources.  This  could  lie  the 
intrusion  of  signals  from  another  pair  in  the  same  cable 
or  from  other  cables  or  sources.  Shields  are  used  to 
reduce  crosstalk  in  cables  and  between  cables.  Crosstalk 
can  therefore  he  used  as  a  measure  of  the  value  of  vari¬ 
ous  shields. 


There  are  several  measures  of  crosstalk  used.  They  are: 
Mean: 

\ 


RMS: 


MR  AX  = 


RMS  =  —  20X  log 


MATH) 

1-  I 

A 

-V  ( 

"ATI. j  y.) 

i:  ho 

i—i ' 

"  \ 

PS  =  —  20X  log 


.V 

,  -ATiil 

V» 

V 

»”  1 

in  -° 

)] 

(-12) 


H3) 


MINIMI M  VALt'E  (NIX  ): 

.MV  =  MIX  OF  XT( i).  for  all  i.  1  <  /<  ,V  (II) 
POWER  SI 'M  (PS): 


(If 


In  order  to  compare  the  crosstalk  of  different  length 
cables  i  lie  following  two  equations  may  be  used  to  con¬ 
vert  the  measured  values  to  values  referenced  to  a 
specific  length. 

f 

.J1-'- 

-A/ A  l  r  =  A  I:  A  /  \n\s  +  MIX log  [ 

"  1  -  c 


!]lbl 
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FEXTk  -  FEXTueas  + 


-lOXlog 


K_ 

L 


(47) 


It  is  usually  best  to  convert  the  FEXT  measurement  to 
an  equal  level  measurement  in  order  to  have  the  signals 
at  the  far  end  referenced  to  the  same  levels.  This  is 
accomplished  by  first  subtracting  the  insertion  loss  (IL) 
at  the  measured  length  and  then  converting  th"  FEXT 
to  the  referenced  length. 


The  IL  may  be  converted  to  the  referenced  length  by: 


INSERTION  I,OSSK  =  ILMEASX 


(48) 


where: 


XT  =  a  pair  to  pair  crosstalk  value  in  dB 
N  =  total  number  of  crosstalk  values 
M  =  total  number  of  send  pairs 
A  =  average  insertion  loss  per  foot 
L  =  length  of  cable  in  feet 
K  =  1000  feet 
n  =  8.68588 


3.4  SHIELDING  EFFECTIVENESS 

The  shielding  effect  can  be  measured  using  the 
transverse  impedance  method.  In  this  method  a  current 
is  generated  on  the  inner  surface  of  the  shield  and  the 
resulting  voltage  on  the  outer  surface  of  the  shield  is 
measured.  The  ratio  of  these  two  quantities  is  an 
impedance  called  the  transverse  impedance  (Z„X)A  In 
general  the  lower  the  value  of  the  transverse  impedance 
the  "better"  the  shield. 


i  tiv  (1  Ut'Icl 


I 


Figure  3.  Za0  TEST  CIRCUIT 

Figure  3  presents  the  test  circuit  for  the  tests.  The  gen¬ 
erator  develops  a  voltage  between  the  selected  wire  in 
the  cable  and  the  shield  which  drives  a  current  (1$) 
through  the  50  ohm  resistor.  The  voltage  on  the  outer 
surface  of  the  shield  is  detected  (I  Q).  C are  must  be 
taken  in  connecting  the  cable  to  the  end  terminations  to 
insure  that  the  leakage  due  to  these  terminations  does 
not  effect  the  test  results. 

z„*  =  4s-  0°) 

/•) 


Figure  4.  Zaf>  TEST  SETUP 

Figure  4  presents  the  actual  *est  setup  showing  the 
source  and  receiver  (HP-3577A  NETWORK 
ANALYZER)  under  the  control  of  an  AT&  J.  CN2/100 
computer  using  an  IEEE-488  data  bus.  The  program 
that  controls  the  measurements  calculates  32  frequencies 
per  decade  on  a  geometric  basis  and  is  set  up  to  take 
readings  from  1  KHz  to  100  MHz  or  160  readings  per 
sample.  A  calibration  fixture  is  always  measured  first 
and  that  data  is  stored  in  order  to  calibrate  the  read¬ 
ings. 


4  TEST  RESULTS 

4.1  TRANSMISSION  RESULTS 

The  transmission  parameters  measured  are  presented  in 
a  set  of  figures  of  resistance,  inductive  reactance,  capaci¬ 
tance.  alpha,  beta,  and  characteristic  impedance. 

Figure  5.  SINGLE  PAIR  CABLES  (XA)  (1/3  mil 
foil  shields) 


CABLE  -  XA 


Figure  5a  RESISTANCE 


1  Unpublished  memorandum;  "A  Cable  Shielding  Effectiveness 
Measurement  Setup".  October  19.  1981;  T.  P  Bursh 
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ALPHA  (dB  /  100  ft)  CAPACITANCE  (piCOF/  FT)  REACTANCE  (ohms  /  100  ft) 


FREQUENCY  (Hz) 

Figure  5b  INDUCTIVE  REACTANCE 


CABLE  -  XA 


Figure  5c  CAPACITANCE 


Figure  5d  ATTENUATION 


CABLE  -  XA 


Figure  5e  PHASE 


CABLE  -  XA 


Figure  5f  CHARACTERISTIC  IMPEDANCE 

Figure  5  (a,  b.  c.  <J.  e.  ami  f)  presents  the  resistance, 
inductive  reactance,  capacitance,  attenuation  (a),  phase 
(,f),  and  characteristic  impedance  (Z„)  or  five  of  the 
seven  single  pair  cables.  These  rabies  (XA02,  XA03, 
XAO-I.  and  XA05)  all  have  1/3  mil  aluminum  shields 
except  for  XA01  whirl)  has  no  shield. 

Figure  5a  is  a  plot  of  the  resistance  versus  frequency  of 
the  cables.  At  low  frequencies  (below  10  KHz)  all  traces 
are  together  and  essentially  flat.  Above  1  MHz  the 
traces  are  separated  but  parallel  and  are  increasing  at  a 
sfj  rate. 

Figure  5b  is  a  plot  of  the  inductive  reactance  (ju,'L) 
versus  frequency  of  the  cables.  The  traces  cross  the  5 
ohm/l()0  ft  level  between  10  KHz  and  80  KHz  (i.e. 

Below  10  KHz  the  low  frequencies  equations 
(29  and  3U)  are  valid.  The  trace  of  inductive  reactance 
is  increasing  as  a  function  of  frequency  and  the 

trace  of  resistance  is  increasing  as  a  function  of  \fj . 
Above  1  MHz  the  high  frequency  equations  (31,  32.  and 
33)  are  valid. 

Figure  5c  is  a  plot  of  the  capacitance  versus  frequency  of 
the  cables.  Generally  these  traces  would  be  flat,  how  - 
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ever,  the  insulation  in  this  case  is  SR-P\  C  and  the 
dielectric  constant  has  a  slight  reduction  in  value  with 
respect  to  frequency.  The  elfect  of  the  shield  ;s  very 
apparent  and  in  one  ease  the  capacitance  ^alue  is 
increased  by  over  300  L"c . 

Figure  5d  is  a  plot  of  attenuation  versus  frequency  of  the 
cables.  The  traces  of  the  shielded  cables  all  exhibit  a 
slope  of  \//  above  about  1  MHz.  The  trace  of  the 
unshielded  cable  has  a  slightly  greater  slope  than  the  j 
of  the  unshielded  cables. 

Figure  5e  is  a  plot  of  phas<“  (J)  versus  frequency  of  the 
cables.  The  traces  of  the  shielded  cables  and  the 
unshielded  cable  all  merge  into  one  trace  at  the  higher 
frequencies. 

Figure  5f  is  a  plot  of  magnitude  of  the  characteristic 
impedance  (zf0)  versus  frequency  of  the  cables.  The* 
value  of  the  characteristic  impedance  at  high  frequencies 
shown  dramatically  shows  the  effect  of  the  addition  of 
the  shields.  Characteristic  impedance  is  reduced  by 
some  60  to  70  c  t . 

Figure  6.  SINGLE  PAIR  CABLES  (XA) 


CABLE  -  XA 


10K  100K  IN 

FREQUENCY  (Hz) 

Figure  6c  CAPACITANCE 


CABLE  -  XA 


Mini  mm 


fti  t  ■  '■ 


FREQUENCY  (Hz) 


FREQUENCY  (Hz) 
Figure  6a  RESISTANCE 


Figure  6d  ATTENUATION 


CABLE  -  XA 
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Figure  6e  PHASE 


Figure  6b  INDUCTIVE  REACTANCE 
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IK  UK  lOOK  IN  ION  IOON 

FREQUENCY  (Hz] 

Figure  6f  CHARACTERISTIC  IMPEDANCE 

figure  (i  (a,  h.  c.  d.  c.  and  f)  presents  the  resistance, 
inductive  reactance,  capacitance,  attenuation  (a),  phase 
(.'?).  and  characteristic  impedance  (/„)  of  three  (XAOI, 
XA06  and  XA07)  of  the  seven  single  pair  caldes. 

Figure  7.  TWO  PAIR  CABLES  (XB)  (INDIVI¬ 
DUAL  SHIELDS) 


CABLE  -  XB 


Figure  7a  RESISTANCE 


Figure  7b  INDUCTIVE  REACTANCE 


lit  |  OK  100K  IN  ~  "iOM  IOON 

FREQUENCY  (Hz I 
Figure  7c  CAPACITANCE 


Figure  7d  ATTENUATION 


CABLE  -  XB 


Figure  7e  PHASE 
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REACTANCE  (ohms  /  100  ft)  RESISTANCE 


FREQUENCY  (Hz) 


FREQUENCY  (Hz) 


REACTANCE 


FREQUENCY  (Hz) 

Figure  lOf  CHARACTERISTIC  IMPEDANCE 

Figure  10  (a,  b,  c,  ii,  e.  and  f)  presents  th-  resistance, 
induetivt  reactance,  capacitance,  attenuation  (n),  phase 
(»Y),  and  characteristic  impedance  (Z„)  of  eight  of  the 
twelve  twelve  pair  cables.  All  of  the  cables  with  overall 
shields  (XC06.  XC'07.  XCOO.  XC 10,  XC11.  an!  XC12) 
and  the  two  unshielded  cables  (XC'01  and  XC08). 

The  discussions  associated  with  Figure  5  can  be  made 
for  all  the  set  of  figures  (Figures  ~>  -  10).  d'ho  effect  of 
the  individual  shields  have  the  greatest  effect  on  the 
parameters,  however,  the  overall  shields  and  multiple 
pairs  in  a  cable  also  effect  the  parameters.  For 
unshielded  cables  increasing  the  number  of  pairs  in  the 
cable  will  increase  the  resistance,  capacitance,  attenua¬ 
tion  and  phase  while  the  inductance  and  characteristic 
impedance  will  be  decreased.  For  shielded  cables 
increasing  the  number  of  pairs  under  the  shield  in  the 
cable  will  decrease  the  resistance,  capacitance,  attenua¬ 
tion  and  phase  while  the  inductance  and  characteristic 
impedance  will  he  increased. 

4.2  CROSSTALK  RESULTS 

The  crosstalk  of  the  twelve  twelve  pair  cables  was  meas¬ 
ured.  Both  equal  level  far  end  crosstalk  (FEXT)  and 
near  end  crosstalk  (NEXT)  was  computed. 


CABLE  -  FEXT  POWER  SUM 


CABLE  -  NEXT"  POWER  SUM 


Figures  11  and  12  presents  the  crosstalk  for  all  tin- 
twelve  pair  cables.  There  is  at  least  a  ten  dll  margin 
over  the  unshielded  case  for  till  individually  shielded 
cables  (XC02.  XC03.  XCOI  and  X('O’j)  at  all  measured 
frequencies.  The  more  material  in  the  shield  the  hotter 
the  job  does  in  providing  isolation  between  pairs.  The 
edge  treatment  does  not  seem  to  have  a  large  effect. 

4.3  SHIELDING  EFFECTIVENESS  RESULTS 

1  he  results  of  the  test  is  presented  as  a  plot  of 
impedance  per  length  versus  frequency. 


SURFACE  TRANSFER  IMPEDANCE 
CABLE  -  XA 


Figure  13.  SINGLE  PAIR  CABLES 
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SURFACE  TRANSFER  IHPEOANCE 
CABLE  -  XB-IS 


PAIR  CABLES 


SURFACE  TRANSFER  IMPEDANCE 
CABLE  -  XB-OS 


Figure  15.  OVERALL  SHIELDED  TWO  PAIR 
CABLES 


SURFACE  TRANSFER  IMPEDANCE 
CABLE  -  XC-IS 


Figure  10.  L.DrVIDUALLY  SHIELDED 

TWELVE  PAIR  CABLES 


SURFACE  TRANSFER  IMPEDANCE 
CABLE  -  XC-QS 


Figure  17.  OVERALL  SHIELDED  TWELVE 
PAIR  CABLES 

5.  SUMMARY 
5.1  TRANSMISSION 

The  resistance  curves,  Figures  5a,  6a,  7a,  8a,  9a,  and  10a, 
all  have  similar  shapes.  They  all  start  out  at  low  fre¬ 
quencies  with  little  if  any  slope  to  the  curve.  At  high 
frequencies  they  have  a  slope  of  approximately  vf. 
Between  these  two  regions  they  bend  to  mesh  the  slopes 
from  the  two  regions. 

The  reactance  ( jojL )  curves,  Figures  5b,  6b,  7b,  8b,  9b, 
and  10b,  have  similar  shapes.  The  w  accounts  for  the 
general  slope,  however,  the  value  of  inductance  ( L )  at 
low  frequencies  is  larger  than  the  value  at  high  frequen¬ 
cies.  The  value  of  reactance  for  the  unshielded  cable  is 
greater  than  the  values  for  the  shielded  cases. 

The  capacitance  (C)  curves.  Figures  5c,  6c,  7c,  8c,  9c, 
and  10c,  have  a  slight  downward  slope  due  to  the 
material  (PVC)  used  to  insulate  the  conductors.  Most 
noticeable  though  is  the  large  separation  between  the 
curves  of  the  various  individual  cables.  There  is  a  differ¬ 
ence  of  between  200%  and  300%  within  the  vaiious 
cable  '■onfigurations  from  the  unshielded  to  shielded 
case. 

The  attenuation  (a)  curves.  Figures  5d,  6d,  7d,  8d,  9d, 
and  lOd,  have  a  slope  of  \Tf  at  low  frequencies  and  again 
a  slope  of  v7  at  high  frequencies  with  a  knee  in 
between.  The  low  frequency  slope  can  be  accounted  for 
by  observing  the  equation  for  attenuation  at  low  fre¬ 
quencies  (equation  number  29);  Similarly,  the  slope  at 
high  frequencies  can  be  accounted  for  by  investigating 
equation  33.  Observing  that  by  neglecting  G  and  that 
since  both  L  and  C  are  nearly,  constant,  the  slope  is  then 
due  to  the  slope  of  resistance  (R)  which  was  shown 
above  to  be  approximately  the  vf. 

The  phase  (/I)  curves,  Figures  5e.  6e.  7e.  8e.  9e.  and  lOe. 
are  the  same  as  the  attenuation  curves  at  low  frequen¬ 
cies  (equation  29)  and  have  a  slope  that  is  a  function  of 
frequency  at  high  frequencies  (equation  31).  The  magni- 
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tude  of  the  individual  curves  increases  with  shielding 
since  C  will  increase  much  greater  than  L  will  decrease. 

The  phase  velocity  is  \'l,  -  —  and  will  decrease  in  \alue 

with  the  addition  of  shielding. 

The  characteristic  impedance  (Z0)  curves.  Figures  of,  Cf, 
7f,  8f,  9f,  and  lOf.  show  that  the  value  of  Z„  decreases 
with  frequency.  This  can  he  shown,  for  the  low  Ire- 
quency  case  bv  observing  equation  30.  Both  R  and  C  are 
approximately  constant,  therefore,  the  magnitude  of  Un¬ 
characteristic  impedance  will  decrease  as  a  function  of 

— .  For  the  high  frequency  case  the  near  constant  value 

is  shown  by  equation  32  since  both  L  and  C  are  approxi¬ 
mately  constant  in  value. 

5.2  CROSSTALK 

The  power  sum  equal  level  far  end  crosstalk  (!'  EX I  ) 
results  are  shown  in  Figure  11.  The  top  curve  is  XC05 
followed  by  XC0-1,  XC03.  XC02.  and  then  all  the  remain¬ 
ing  (XC01,  XC06.  XC07.  XC08,  XC09.  XC10.  XCT1,  and 
XC12).  The  bottom  curve  is  XC’Ol. 

The  power  sum  near  end  crosstalk  (NEXT)  results  are 
shown  in  Figure  12.  The  top  curve  is  XCU5  followed  by 
XC0-4,  XC’03,  XC02.  and  then  all  the  remaining  (XC01. 
XC06,  XC07,  XC08,  XCOO.  XC10.  XC11.  and  XC12). 

These  results  seem  to  indicate  that  the  more  material  in 
the  shield  the  better  the  shield  from  a  crosstalk  stand- 
poi..t.  The  largest  effect  was  at  the  higher  frequencies 
however  there  were  measurable  effects  at  all  frequencies. 

5.3  SHIELDING  EFFECTIVENESS 

The  shielding  effectiveness  results  arc  presented  in  Fig¬ 
ures  13,  Id,  15,  16,  and  17.  Figure  13  shows  the  transfer 
impedance  for  cables  XA02,  XA03,  XAOI.  and  XA05. 
XA02,  XA03,  XAOI .  and  XA05  were  included  in  order  to 
investigate  the  effect  of  edge  treatment  (flat  fold  versus 
"Z"  fold)  and  of  machine  selection  (single  twist  versus 
double  twist)  on  the  transfer  impedance. 

Figure  1-1  presents  the  results  for  individually 

shielded  two  pair  cables.  Cables  XB02  and  XB03  again 
compare  the  shielding  effectiveness  of  the  flat  fold  versus 
the  "Z"  fold.  Cable  XBO I  has  a  1  mil  aluminum  foil 
shield.  Cable  XB05  has  a  S8re  copper  braid  shield. 
Cable  XBOP  has  a  hybrid  shield  of  1  mil  aluminum  foil 
and  88^7’  coverage  copper  braid. 

Figure  15  presents  the  Zan  results  for  overall  shielded 
two  pair  cables.  Again  the  effectiveness  is  a  function  of 
the  bulk  of  the  material  in  the  shield. 

The  individually  shielded  twelve  pair  cables  displayed  in 
Figure  16  show  an  advantage  to  the  ’  Z  fold  seam  over 
flat  fold  seam  (XC03  versus  XC’02).  The  other  two 
shields  are  1  mil  flat  fold  aluminum  foil  (XCOI)  and 
braid  (XC’05). 

Figure  17  presents  the  Za$  for  the  overall  shielded 
twelve  pair  cables.  The  levels  again  loosely  follow  the 
amount  of  material  in  the  shield.  The  two  cables  XC06 


and  XC07  both  have  a  1  mil  flat  fold  aluminum  foil 
shield  with  the  cable  having  a  core  that  was  lay  less 
where  as  XC'07  had  a  core  with  a  15  inch  lay.  Cable 
XCOO  had  a  dual  1  mil  aluminum  foil  shield.  Cable 
XC10  had  a  88CT  copper  braided  shield.  Cables  XC1 1 
and  XC12  both  have  hybrid  shields,  braid  with  alumi¬ 
num  foil,  but  on  XCll  the  braid  was  only  70 lT  where  as 
XC12  hail  a  88rr  braid. 

8.  CONCLUSIONS 

In  the  introduction  we  proposed  to  provide  information 
for  comparing  various  shield  materials,  shield  configura¬ 
tions,  edge  treatment  on  foils,  and  methods  of  applica¬ 
tion  with  respect  to  shielding  effectiveness,  transmission 
parameters  on  all  of  the  cables  and  crosstalk  on  the 
twelve  pair  cables.  The  selection  of  cable  size,  shield 
types,  shield  materials  and  manufacturing  methods  have 
yield  ’d  data  on  these  subjects.  This  is  presented  as  the 
Z ,,j  of  each  cable,  plots  of  resistance,  inductive  reac¬ 
tance,  capacitance,  attenuation,  phase,  and  characteris¬ 
tic  impedance  of  each  cable,  and  graphs  of  both  the 
FFXT  and  NEXT  of  each  of  the  twelve  pair  cables. 

These  data  can  be  used  to  compare  the  relative  worth  of 
various  shields  for  a  parlicu1  ir  application  considering 
both  transmission  parameters  and  Zn,i  as  well  as  the 
crosstalk  performance  of  various  shields. 


ACKNOWLEDGMENTS 

The  author  wishes  to  thank  Mr.  R.  D.  Beggs  of  AT&T 
Technologies  for  his  help  in  the  design  of  this  experi¬ 
ment.  Thanks  is  due  to  Messrs  D.  E.  Geller  and  T.  G. 
Hardin  of  AT&T  Technologies  for  their  help  in  manufac¬ 
turing  of  the  cable  samples.  The  work  of  Messrs  B. 
McNeal  and  M.  .1.  Thomas  was  helpful  in  preparing  and 
testing  samples.  The  contributions  of  Mr.  P.  II.  Ward  of 
Bel)  Laboratories  for  his  testing  of  cables  for  transmis¬ 
sion  parameters  and  crosstalk  are  much  appreciated. 
Thanks  is  also  due  to  Mr.  H.  W.  Friesen  of  Bell  Labora¬ 
tories  for  discussions  on  certain  aspects  of  this  work. 

REFE It  ESC ES 

(1)  Chipman,  Robert  A..  Ph.D.:  "Transmissions 
Lines";  Schaum's  Outline  Series:  McGraw-Hill 
Book  Company;  1968. 

[2]  Miller.  C.  M.;  "Capacitance  of  a  Shielded 
Balanced-Pair  Transmission  Line";  Bell  System 
Technical  Journal.  Vol.  51.  No.  3,  March  1972. 

[3|  Skilling.  H.  H.:  " Electric  Transmisston  Lines"; 
McGraw-Hill  Book  Company,  Inc.:  New  York, 
1951. 

[4]  Johnson,  W.  C.;  "Transmission  Lines  and  ,Ve(- 
icorks";  McGraw-Hill  Book  Company,  Inc.;  New 
York.  1950. 


International  Wire  &  Cable  Symposium  Proceedings  1988  381 


John  W.  Leven good  holds  a  BEE  degree  from  the 
Cniversity  of  Florida  (1959).  and  a  MEE  degree  from 
New  York  Eniversity  (1961).  lie  joined  Bell  Laboratories 
in  1959  and  transferred  to  Western  Elect rie  Company  in 
1970.  He  presently  works  for  AT. NT  Technologies,  lne. 
in  the  Electronic  Wire  and  Cable  Development  Depart¬ 
ment  in  Atlanta. 


382  International  Wire  &  Cable  Symposium  Proceedings  1988 


THE  EFFECT  OF  ALTERNATING  CURRENT  ON  CORROSION 
OF  CABLE  SHIELDING  MATERIALS  IN  SOILS 


Robert  Baboian  Gregory  Hessler  Kenneth  Bow  Gardner  Haynes 

Texas  Instruments  Inc.  REA-Outside  Plant  Branch  Dow  Chemical  USA  Texas  Instruments  Inc. 


Attleboro,  MA  02703  Washington,  DC  20250 

The  impact  of  corrosion  on  burled  telephone  cable 
shielding  materials  has  been  demonstrated  over  the 
last  thirty  years  in  a  wide  range  of  laboratory  and 
soil  burial  tests  sponsored  by  the  Rural 
Electrification  Administration  (REA)  and  conducted 
by  the  National  Bureau  of  Standards  (NBS)  and 
Industrial  Organizations.*-*®  These  tests  were 
conducted  on  electrically  isolated  lengths  of  cable 
with  intentionally  damaged  jackets  which  exposed 
metal  shields  in  a  controlled  manner.  The 
comparative  behavior  of  idle  cable  versus  cable 
carrying  alternating  current,  as  it  does  in  actual 
service,  was  not  evaluated  in  the  NBS-REA  tests. 

Since  it  has  been  established  that  alternating 
current  may  affect  the  corrosion  of  metals  such  as 
copper,  steel,  and  aluminum  in  soils,  a  soil  burial 
study  was  conducted  to  determine  the  corrosion 
behavior  and  the  associated  effects  of  alternating 
current  on  commonly  used  shielding  materials. *7-20 
This  paper  evaluates  the  results  of  the  six  year 
program  giving  special  attention  to  the  comparative 
behavior  of  six  types  of  commonly  used  Shields  in 
buried  static  and  active  cables. 


Introduction 

The  metallic  sheath  In  telecommunications  cables 
provides  an  important  line  of  defense  with 
electrical  and  mechanical  protection.  The 

properties  required  of  the  sheath  in  order  to 
provide  proper  protection  include: 

Electrical  Protection  from  Noise 

Conductivity 
Connectability 
Magnetic  Properties 
Corrosion  Resistance 

Electrical  Protection  from  Lightning 

Conductivity 
Connectability 
Heat  Transfer 
Heat  Capacity 
Temperature  Limits 
Crush  Resistance 
Corrosion  Resistance 
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Mechanical  Protection  from  Rodents 

Tensile  Strength 
Puncture  Resistance 
Abrasion  Resistance 
Corrosion  Resistance 

Mechanical  Protection  from  Installation  Damage 

Mechanical  properties  to 
prevent  Kinking,  Tearing, 
Puncturing 
Crush  Resistance 
Corrosion  Resistance 

In  each  of  these  protection  categories,  the  sheath 
corrosion  resistance  plays  an  important  role. 
When  corrosion  of  the  sheath  occurs,  the  result  is 
an  increase  in  electrical  resistance  and  a  decrease 
in  mechanical  protection. 

The  importance  of  sheath  integrity  in 
telecommunications  cable  Is  demonstrated  by  the 
extensive  literature  available  which  documents 
results  of  accelerated,  field,  and  service  tests. 
These  studies  include  the  effect  of  shielding 
design  and  material,  and  the  effect  of  the 
environment.  The  most  extensive  tests  were 
conducted  jointly  by  the  National  Bureau  of 
Standards  (NBS)  and  the  Rural  Electrification 
Administration  (REA).*-®  These  soil  burial  studies 
included  cables  with  over  120  different  shielding 
materials  and/or  designs  located  at  six  sites 
representing  various  environmental  aggress ivit ies . 
The  electrically  isolated  lengths  of  buried  cable 
had  damage  sites  in  the  outer  jacket  (rings  and 
windows)  which  exposed  the  shielding  to  the  soil 
environment.  The  characteristics  of  the  soils  at 
the  six  test  sites  and  the  corrosion  behavior  of 
the  shielding  in  the  test  cables  has  been  well 
documented.  Results  showed  that  shielding 
corrosion  behavior  is  strongly  dependent  on 
materials,  design,  and  soil  environment.  For 
example,  bare  aluminum  and  bare  steel  were 
corrosive  in  most  soil  sites  while  stainless  steels 
were  corrosion  resistant.  Copper  was  susceptible 
in  acid  and  sulfide  containing  soils  but  corrosion 
resistant  in  others.  In  some  cases,  organic  or 
metallic  coating  designs  provided  increased 
corrosion  resistance. 
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Although  the  corrosion  behavior  of  metallic 
sheaths  in  electrically  isolated  cable  (static)  has 
been  studied  extensively,  very  little  testing  on 
active  cabie  carrying  alternating  current,  as  in 
actual  service,  has  been  conducted.  Since  it  has 
been  established  that  alternating  current  can 
affect  the  rate  of  corrosion  of  metals  such  as 
aluminum,  steel,  and  copper  in  soils,  a  cooperative 
study  vas  undertaken  by  REA,  Horry  Telephone 
Cooperative,  The  Dow  Chemical  USA,  Contel 
Corporation  and  Texas  Instruments  Incorporated. 
Its  purpose  was  to  compare  the  corrosion  behavior 
and  the  associated  effects  of  alternating  current 
on  commonly  used  shielding  materials  in  static  and 
active  buried  cable. 

Test  Program  and  Conditions 

The  commercially  available  shielding  materials 
included  in  the  test  program  are  listed  in  Table  I. 
They  were  chosen  because  they  include  the  commonly 
used  metals,  aluminum,  steel  and  copper.  They  also 
incorporate  current  sheath  designs  including  the 
clad  metal  configuration  and  organic  coatings. 

The  shielding  materials  were  fabricated  into 
twenty-five  pair  polyethylene  jacketed  telephone 
cable  according  to  REA  specifications.  Continuous 
five  hundred  foot  lengths  of  cable  (prepared  by 
cable  manufacturers)  with  damage  sites  at  30  foot 
intervals  (active  test)  as  well  as  individual  two 
and  one-half  foot  lengths  of  cable  with  damage 
sites  (static  test)  were  prepared  by  the  shielding 
manufacturers.  The  damage  site  pattern  (Figure  1) 
was  intended  to  simulate  possible  installation, 
lightning  or  rodent  damage  to  the  cable's  outer 
jacket.  Windows  and  circumferential  rings  were 
made  by  cutting  the  polyethylene  jacket  to  within 
0.010  inches  of  the  shield  with  a  single  edge  razor 
blade  in  a  depth  controlled  fixture.  The 
polyethylene  jacket  was  then  peeled  away  taking 
care  not  to  damage  the  shield.  The  window  was 
designed  to  simulate  shield  damage  during 
installation.  The  ring  was  designed  to  simulate 
gopher  damage.  The  pinholes  vere  designed  to 
simulate  lightning  damage.  Holes  were  made  by 
drilling  to  within  0.10  inches  of  the  shield  with  a 
collared  drill  and  then  removing  the  remaining 
jacket  by  hand  with  an  end  mill.  The  ends  of  the 
individual  lengths  of  static  cable  were  sealed  with 
vinyl  tape  and  wax.  This  type  specimen  allows 
comparison  of  the  amount  of  corrosion  at  the 
windows  and  holes  to  that  occurring  where  the 
complete  circumference  is  exposed. 

In  March  of  1980  the  five  hundred  foot  lengths 
of  cable  were  buried  in  a  test  site  under  the 
jurisdiction  of  Horry  Telephone  Cooperative  in 
Conway,  S.C.  A  trenching  machine  was  used  to  dig  a 
4  inch  wide  3  foot  deep  trench  and  the  cables  were 
laid  in  by  hand.  Markers  were  placed  on  the  nearby 
road  to  facilitate  location  of  the  test  area  for 
retrieval.  The  cables  were  electrically  connected 
(active)  in  series  to  each  other  and  in  parallel  to 
an  existing  cable  which  had  a  high  level  of  induced 
AC  shield  current.  The  electrically  isolated 
(static)  specimens  were  buried  at  the  same  depth  as 
the  cable  six  feet  away  from  each  area  with  damage 
sites  so  that  a  pair  of  active  and  static  specimens 


could  be  easily  obtained  at  each  retrieval.  The 
test  program  called  for  retrieval  of  a  control 
cable  (static)  and  a  section  of  test  cable  (active) 
of  each  type  of  shielding  at  intervals  over  the 
course  of  years.  Electrical  continuity  was 
maintained  by  splicing  the  cables  each  time  a 
specimen  was  removed. 

During  installation,  soil  samples  were 
obtained  at  the  bottom  of  the  trench  at  the 
midpoint  of  each  cable.  The  soil  samples  were 
sealed  in  plastic  bags  for  transportation  back  to 
the  laboratory.  The  pH  and  resistivity  of  the 
soils  were  measured  within  24  hours  after 

collecting  the  samples.  The  pH  was  measured 
according  to  ASTM  G51-77,  Standard  Test  method  for 
pH  of  Soil  for  Use  in  Corrosion  Testing.  The 
values  were  measured  in  the  laboratory  using  an 
Orion  Model  801  pH  meter.  Resistivity  values  were 
measured  in  the  laboratory  according  to  ASTM  G57- 
78,  Standard  Method  for  Field  Measurement  of  Soil 
Resistivity  Using  the  Venner  Four-Electrode  Method. 
A  Miller  soil  box  and  a  Nilsoon  Model  400  soil 
resistance  meter  were  used  to  measure  the  "as- 
received*  and  "saturated"  soil  resistivities. 

Preparation  of  soil  water  extracts  was 
conducted  using  the  techniques  established  by  NBS- 
REA  in  previous  studies.  A  suspension  of  soil  and 
distilled  water  in  the  ratio  of  1:5  was  shaken 
mechanically  on  a  ball  mill  at  intervals  (8  hours 
on,  16  hours  off)  for  a  period  of  72  hours.  The 
extract  was  decanted  and  filtered  through  45  micron 
filters  prior  to  analysis. 

Qualitative  analysis  of  the  extracts  was 
conducted  using  DC-Flasma  emission  spectroscopy  and 
a  series  of  anionic  specific  methods.  The  primary 
chemical  constituents  were  then  quantitatively 
determined  by  the  methods  listed  In  Table  II.  EPA 
water  quality  standards  were  used  as  an  external 
check  on  the  methods  employed. 

The  properties  of  the  soil  at  the  Conway  test 
site  are  shown  in  Table  III.  The  resistivity 
values  for  the  "as  received"  soil  samples  are 
listed  in  parenthesis  and  range  from  a  low  of 
11,000  to  a  high  of  110,000  ohra-cm.  The 
"saturated"  resistivity  values  ranged  from  7,000  to 
34,000  ohm-cra.  As  stated  in  G57,  these  values 
should  be  considered  a  worst-case  situation. 

The  pH  values  indicate  that  the  soils  are 
nearly  neutral.  As  indicated  by  the  high 
resistivity  values,  very  low  concentrations  of 
soluble  salts  were  found  in  all  of  the  soils 
including  aggressive  anions  such  as  chloride,  which 
accelerate  corrosion. 

An  evaluation  of  the  data  in  Table  III  when 
compared  to  data  from  other  test  sites,  indicates 
that  the  soil  properties  at  the  Conway,  S.C.  test 
site  in  this  program  are  similar  to  these  for 
Hagerstown  loam,  a  test  site  of  the  National  Bureau 
of  Standards.  Results  of  the  REA-NBS  study  have 
shown  that  this  NBS  site  is  comparatively  mild  with 
regards  to  corrosivity. *-®  However,  other  effects 
such  as  drainage,  aeration,  and  electrical  factors 
play  an  important  role  in  corrosion  reactions  and 
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therefore  can  introduce  unique  characteristics  at  a 
particular  test  site. 

During  installation,  seepage  of  ground  water 
into  the  trench  at  the  three  foot  level  indicated 
that  the  cables  were  below  the  water  table. 
However,  at  various  times  during  subsequent 
retrievals,  the  cables  were  above  the  water  table. 
A  rising  and  falling  water  table  provides  aeration 
at  the  cable  depth.  Also  the  presence  of 
alternating  current  in  the  active  test  cable  was 
confirmed  by  measurement  at  the  end  of  the  six  year 
exposure  period.  These  data  is  shown  in  Table  IV. 

Retrievals  of  each  type  of  specimen  were  made 
after  0.5,  1,  2.5,  4  and  6  years. 

After  retrieval,  the  polyethylene  jackets  were 
removed  from  the  specimens  and  the  flooding 
compound  was  dissolved  in  kerosene  taking  care  not 
to  remove  corrosion  products  so  that  the  extent  of 
corrosion  could  be  evaluated.  The  specimens  were 
then  rated  by  consensus  by  a  panel  using  the  rating 
system  In  Table  V.  The  panel  consisted  of 
representatives  from  REA,  Contel  Corporation,  The 
Dow  Chemical  Company  and  Texas  Instruments 
Incorporated.  The  rating  system  had  a  scale  of  0 
to  10  with  10  being  no  indication  of  corrosion  and 
0  being  electrical  discontinuity  due  to  corrosion. 

Results 

The  program  consisted  of  six  different 
shielding  materials  and  cable  designs  and  six 
retrievals  (duplicate  retrievals  were  made  after 
the  six  year  exposure  period).  The  performance 
ratings  for  the  1,  4  and  6  year  exposure  periods 
are  listed  in  Tables  VI  through  XI.  The  window, 
ring,  holes  and  under  jacket  ratings  for  static  and 
active  specimens  are  included.  For  ASP,  CASP  and 
CACSP  cable  constructions,  the  ratings  are  for  the 
steel  and  aluminum.  For  copper  clad  steel,  the 
copper  outer,  steel  center,  and  copper  inner  are 
rated.  For  aluminum  clad  steel,  the  aluminum 
outer,  steel  center,  and  aluminum  inner  are  rated. 
Due  to  the  complexity  of  the  shielding  and  cable 
designs,  explanatory  notes  are  required  to 
interpret  the  results  and  these  are  listed  in  Table 
XII. 

A  convenient  way  to  evaluate  the  data  in  this 
program  is  through  the  use  of  bar  charts  as  shown 
in  Figure  2  (data  for  the  6th  year  retrieval  are 
averaged).  Since  each  metal  in  the  mul t i-component 
shieldings  was  rated,  the  performance  of  the 
materials  systems  and  the  comparative  behavior  of 
the  various  systems  in  static  and  active  cables  can 
be  easily  observed  for  this  ring  area  on  the 
cables  (where  ring  ratings  were  not  available, 
window  ratings  were  used). 

Overall,  the  corrosion  ratings  of  bare  steel 
in  the  static  cables  were  very  poor.  However  the 
coated  steel  ratings  were  very  good  during  the  six 
years  of  static  exposure.  The  steel  in  the  copper 
clad  configuration  had  a  good  rating  after  six 


years  (static)  and  the  steel  in  the  bare  or  coated 
aluminum  clad  configuration  under  similar 
conditions  had  a  very  good  to  excellent  rating. 
These  static  results  for  steel  are  in  agreement 
with  those  obtained  at  similar  sites  in  the  REA/NBS 
tests. 

The  behavior  of  steel  in  active  cables  was 
quite  different  when  compared  to  the  static 
results.  Here,  the  steel  in  the  active  cables 
corroded  more  rapidly  whether  bare,  coated  or  clad 
with  aluminum.  However,  a  significant  reduction  in 
corrosion  of  the  steel  in  the  copper  clad 
configuration  was  observed  in  the  active  cables. 

In  general,  the  site  was  a  mild  one  for 
aluminum  since  the  ratings  ranged  from  fair  to 
excellent.  Corrosion  was  observed  with  bare 
aluminum  after  four  years,  but  not  with  coated 
aluminum  (except  in  the  aluminum  clad  steel 
conf igurat ion) . 

The  effect  of  AC  on  aluminum  corrosion  was  not 
well  defined  in  this  study.  Bare  monolithic 
aluminum  had  more  corrosion  in  the  static  cables. 
However,  in  the  clad  configuration,  the  active 
cables  had  more  aluminum  corrosion  when  it  was 
coated  and  the  behavior  was  mixed  in  the  uncoated 
clad  aluminum.  Where  ccrrosion  was  observed,  the 
outer  aluminum  layer  in  the  clad  was  affected  more 
than  the  inner. 

The  outer  -opper  (in  copper  clad  steel)  was 
rated  very  good  to  excellent  for  all  exposure 
periods.  Superficial  corrosion  took  place 
uniformly  providing  an  adherent  layer  over  the 
outer  surface.  The  inner  copper  was  almost 
unaffected  by  corrosion  after  the  six  year 
exposure  period.  There  was  virtually  no  difference 
in  corrosion  behavior  of  copper  in  static  and 
active  cables. 

Discussion 

The  corrosion  behavior  of  aluminum,  steel  and 
copper  in  the  cable  configurations  (see  Table  I  for 
constructions)  of  this  investigation  and  under 
static  conditions  is  in  agreement  with  previous 
studies  in  similar  soil  environments.  The  Conway, 
S.C.  site  environment  is  a  mild  one  compared  to 
other  sites.  However,  the  presence  of  AC  in  the 
active  cables  has  produced  corrosion  effects  which 
can  play  an  important  role  in  the  performance  of 
metallic  shieldings  in  cables. 

In  ASP  and  CASP  shielded  cables,  the 
performance  rating  of  bare  steel  is  reduced  from 
fair  (static)  to  very  poor  (active)  after  one  year. 
At  the  end  of  six  years  all  bare  steel  shieldings 
are  very  poor.  With  CACSP,  the  effect  of  AC  is  to 
reduce  the  ratings  from  very  good  to  poor  after  six 
years  for  the  coated  steel  but  there  is  an 
improvement  with  this  coated  steel  over  uncoated. 
Since  aluminum  did  not  corrode  appreciably  in  this 
program,  it  is  difficult  to  assess  the  various 
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affects.  However,  bare  aluminum  corrosion  was 
observed  in  some  static  ASF  cables  while  no 
corrosion  was  observed  for  coated  aluminum  in  CASF 
and  CACSP.  Overall,  the  order  of  shielding 
corrosion  resistance  for  these  cable  constructions 
in  these  tests  is  as  follows  for  static  conditions: 

ASP  <  CASF  <  CACSP 


for  active  conditions  it  i? 

ASP  a.  CASF  <  CACSP 


In  both  bare  and  coated  aluminum  clad 
steel  (Al/St/Al),  the  steel  ratings  were  good  to 
excellent  with  the  higher  ratings  In  static  cables. 
These  shields  behaved  similarly  to  CACSP  except 
that  some  aluminum  corrosion  was  observed.  The 
galvanic  interaction  between  the  steel  and  aluminum 
may  play  a  role  in  the  corrosion  behavior  of  these 
shields  since  both  steel  and  aluminum  corrosion 
were  affected  by  the  presence  of  AC.  After  six 
years,  the  bare  outer  aluminum  ratings  in  the  clad 
dropped  from  good  (static)  to  fair  (active)  and  the 
coated  aluminum  ratings  in  the  clad  dropped  from 
excellent  (static)  to  fair  (active).  The  overall 
order  of  shielding  corrosion  resistance  for  these 
cable  constructions  in  these  tests  is  as  follows 
for  static  conditions: 

Al/St/Al  <  CAl/St/CAl 

and  for  active  conditions  it  is: 

Al/St/Al  —  CAl/St/CAl 


The  copper  clad  steel  (Cu/St/Cu)  behavior  under 
static  conditions  was  similar  to  results  of 
previous  tests  in  similar  environments.  Copper 
ratings  were  excellent  after  six  years  while  some 
edge  corrosion  of  the  steel  occurred  due  to 
galvanic  effects.  Interestingly,  both  the  copper 
and  steel  received  excellent  ratings  in  the  active 
test  cables  after  six  years  exposure.  This 
increase  in  steel  corrosion  resistance  in  the 
copper  clad  configuration  while  under  the  influence 
of  AC  in  active  cable  tests  is  in  sharp  contrast  to 
the  reduction  in  steel  corrosion  resistance  in  all 
other  shielding  configurations  in  this  program 
under  the  influence  of  AC. 

Although  an  increase  in  steel  corrosion  under 
the  influence  of  AC  can  be  explained  by  the 
discharge  of  the  AC  current  where  it  is  exposed,  no 
explanation  exists  for  the  increase  in  steel 
corrosion  resistance  under  the  influence  of  AC  in 
the  copper  clad  steel  configuration.  However, 
discharge  of  the  AC  current  from  the  large  copper 
surface  would  essentially  eliminate  any  effect  at 
the  steel  edge  (but  this  would  not  explain  the 
increased  corrosion  resistance). 

The  effect  of  AC  on  coated  steel  Is  to 
concentrate  the  discharge  at  edges  and  at  damage 
sites  In  the  coating.  The  same  effect  can  occur 


when  steel  is  clad  with  aluminum  due  to  the 
insulating  properties  of  the  oxide  layer  on 
aluminum. 

The  varying  behavior  of  aluminum  under  static 
and  active  conditions  cannot  be  explained  at  this 
time.  This  site  was  mild  for  aluminum  and 
therefore  it  is  difficult  to  draw  significant 
conclusions. 


Summary 

The  effect  of  alternating  current  on  the 
corrosion  behavior  of  metallic  cable  shielding 
materials  has  been  studied  in  a  burial  study  at 
Conway,  S.C.  The  test  site  has  been  characterized 
as  comparatively  mild  with  regards  to  soil 
chemistry  and  resistivity.  Although  the  effects  of 
the  varying  water  table  and  aeration  could  not  be 
quantified,  the  presence  of  AC  did  influence  ihe 
corrosivity  and  therefore  significant  effects  have 
been  observed  and  reported  in  this  study. 

Results  of  field  testing  ot  6  different 
metallic  shielding  materials  in  cables  indicate 
that  there  is  an  effect  of  AC  in  active  cables  when 
compared  to  isolated  static  cables.  The  most 
significant  effects  were  observed  with  steel. 
Although  the  corrosion  resistance  was  improved  by 
plastic  coating,  aluminum  cladding  and  copper 
cladding,  the  presence  of  AC  reduced  the  corrosion 
resistance  of  steel  except  in  copper  clad  steel 
where  it  improved.  The  results  with  aluminum  were 
mixed  in  this  mild  environment.  In  the  presence  of 
AC,  the  corrosion  resistance  of  bare  monolithic 
aluminum  was  improved.  The  effect  of  AC  on  coated 
aluminum  could  not  be  assessed  in  the  absence  of 
corrosion  and  the  corrosion  resistance  decreased  in 
the  aluminum  clad  conf igurat ion .  Copper  in  the 
clad  configuration  was  not  affected  by  the  presence 
of  AC. 

Considering  the  performance  ratings  for  all 
shield  configurations  in  this  program,  the  overall 
order  of  increasing  corrosion  resistance  under 
static  conditions  is: 

ASF  <  CASP  <  Al/St/Al  <  CACSP 

—  Cu/St/Cu  <  CAl/St/CAl 
and  for  active  conditions  it  is 
ASP  *  CASP  <  Al/St/Al  <  CAl/St/CAl 
—  CACSP  <  Cu/St/Cu 
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FIGURE  1  -  PATTERN  OF  DAMAGE  SITES  FOR  ISOLATED  LENGTHS 
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HATING  RATING 
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S  -•  STATIC 
A  =  ACTIVE 


CACSP 


Co  STEEL  Cu 


■  COATEO  STEEL 
Q  COATED  ALUMINUM 
S  »  STATIC 
A  =  ACTIVE 


FIGURE  2  -  PERFORMANCE  OF  SHIELDS  AT  RINGS 
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TABLE  I 


TABLE  IV 


SHIELDING  MATERIALS  IN  TEST  PROGRAM  * 


AC  CURRENT  IS*  SHIELDS  OF  TEST  CABLES 


ASP  .  (bare  8  ail  aluminum/bare  6  m:l  tin  plated  steel) 

CASP .  (coated  0  oil  aluminum/bare  6  mil  tin  plated  steel) 

CACSP  .  (plastic  coated  8  mil  aluoinua/plastic  coated 

6  ail  tin  plated  steel) 

A1/ST/A1  ....  (aluminum  clad  steel  clad  aluminum 

0.008/0. 003/0. 005) 

CA1/ST/CA1 . ..  (coated  aluminum  clad  steel  clad  coated 
aluminum  -  0.008/0. 003/0. 0C5) 

Cu/ST/Cu .  (copper  clad  steel  clad  copper 

0.0004/0.002/0.0036) 


SHIELD 

TYPE 

SHIELD  CURRENT  AT  SEC INN INC 

OF  TEST  CABLE  (ma) 

SHIELD  CURRENT 
OF  TEST  CABLE 

ASP 

100 

*80 

CASP 

180 

1  30 

CACSP 

130 

205 

Cu/ST/Cu 

205 

215 

A1/ST/A1 

215 

300 

CA1/5T/CA1 

2C0 

NOTE:  1  *•  Sheath  interfaces  were  fully  flooded  with  atactic  polypropylene 
based  floodant  and  the  cable  core  was  filled  with  petrolatum 
based  filler. 


TABLE  :: 

ANALYTIC  TECHNIQUES  FOR  SOTL  WATER  EXTRACTS 


SPECIES 

Na+ 

Ca-** 

K* 


NO,- 
30  n  = 
HCO3- 
CO3* 


TECHNIQUE  EMPLOYED 
Atomic  Absorption  Spectroscopy 
Atomic  Absorption  Spectroscopy 
Atomic  Absorption  Spectroscopy 
Atomic  Absorption  Spectroscopy 
Ion  Selective  Electrode 
Ion  Selective  Electrode 
•JV-Visible  Spectroscopy 
Tltrlmetry 
T.*  trlmetry 


TABLE  III 

PROPERTIES  OF  SOILS  AT  COHWAY,  S.C.  TEST  SITE 


RESISTIVITY 

SHIELD  (ohm-cn)  £H 

Ca 


CASP 

9500 

(16000) 

5. *17 

0.6 

ASP 

3*1000 

(110000) 

5.110 

1.9 

CACSP 

11000 

(29000) 

5.81 

5.9 

A1-ST-A1 

7000 

(11000) 

5.55 

3.1 

Cu-ST-Cu 

11000 

(19000) 

5.H5 

2.5 

CA1-ST-CA1 

8000 

( 13000) 

5.110 

3.H 

COMPOSITION  OF  WATER  EXTRACT 
_ (parts  per  million) 


Mg 

Na 

co3 

HCO3 

SOn 

Cl 

NO  3 

0.  *4 

7.2 

nil 

0.18 

3 

0.1 

3 

0.M 

5.*i 

nil 

0.11 

6 

0.  1 

2 

0.6 

3.6 

nil 

0.  10 

15 

0.  1 

8 

n  R 

m.8 

nil 

0.26 

3 

0.1 

20 

0.6 

6.3 

nil 

0.13 

*1 

0.  1 

16 

0.7 

9 .  *1 

nil 

0.13 

5 

1.0 

21 
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TABLE  V 


RATING 

CODE  FOR  THE  EVALUATION  OF  SHIELDS 

IN  CABLE  SPECIMENS 

Rating 

Per  formance 

Oeqree  of  Corrosion 

10 

Excel  lent 

Unaffected  -  no  indication  of  corrosion. 

9 

Excellent 

Superficial  rust  or  etching  on  surface. 

a 

Very  good 

Uniform  metal  attack,  rust,  and/or  slight 
localized  pitting. 

7 

Good 

Appreciable  pitting  over  the  surface,  but  no 
perforations  through  metal  shield.  Some 
minor  delamination  or  dissipation  of  metal- 
lurgicaily  or  plat tic-bonded  metals  leaving 
cathodic  metal  intact. 

6* 

Good 

Localized  pitting:  only  one  perforation  in 
shield  by  pitting. 

6 

Good 

Localized  pitting:  2  to  5  perforations  in 
shield  by  pitting 

S 

Fair 

Many  localized  pits  causing  perforation  of 
shield  <51  of  shield  dissipated  by  corrosion: 
extensive  delamination  of  metallurg ically 
bonded  reetals . 

4 

Poor 

Severs  corrosion:  pitting  to  perforation  of 
shield}  5  to  10%  of  shield  dissipated  by 
corrosion;  severe  corrosion  of  anodic  part 
of  metallurgical ly  bonded  metals. 

3 

Poor 

Severe  corrosion:  pitting  to  perforation  of 
shiald}  10  to  25%  of  shield  dissipated  by 
corrosion . 

2 

Very  poor 

Severe  corrosion:  more  than  25%  of  shield 
dissipated  by  corrosion}  shield  still  has 
electrical  continuity  along  the  cable. 

l 

Very  poor 

Severe  corrosion:  shield  Is  close  to  electrical 
discontinuity  (ELD)  due  to  perforation  in  shield 
and  dissipation  of  metal  by  cprrosion. 

0 

Very  poor 

Severe  corrosion:  shield  is  electrically  discon¬ 
tinuous  (ELD)  due  to  dissipation  of  metal  by 
corrosion 

TABLE  VI 

PERFORMANCE  RATINGS  FOR  ASP  IN  CONVAT  BURIAL  TESTS 


EXPOSURE 

TIME 

(TEARS) 

PASSIVE 

ACTIVE 

WINDOW 

RING 

HOLES 

UNDER 

JACKET 

TABLE  VII 

PERFORMANCE  RATINGS  FOR  CASP  IN  CONVAT  BURIAL  TESTS 

1  /<• 

1/8 

1/18 

1/32 

t.O 

STEEL 

3 

3 

61 

8 

AL 

( 10) 

(  10) 

(10) 

(  10) 

<  10) 

(10) 

(10) 

EXPOSURE 

TIKE 

(TEARS) 

WINDOW 

RING 

HOLES 

UNDER 

JACKET 

STEEL 

2 

l 

7 

10 

10 

10 

7 

AL 

(  10) 

( 10) 

BPI 

(  10) 

m 

EB 

4.0 

0 

0 

L_ 

5 

1.0 

STEEL 

5* 

5l 

64 

10 

10 

8 

CO) 

BISS 

MSS 

(  10) 

AL 

(10) 

lisp 

(10) 

( 10) 

Hi 

0 

n 

IH 

■B 

7 

BHI 

s' 

10 

1^9 

■n 

.5 

8 

AL 

m 

gQ 

SUB 

(  10) 

gsa 

DO 

(-) 

(10) 

J 

■ 

H 

0 

0 

10 

BV 

4.0 

B 

D 

■ 

6 

AL 

<6  ) 

Hi 

(  10) 

(  10) 

(  10) 

(  10) 

IH 

AL 

(  10) 

V  10) 

BH 

■SB 

10 

,o: 

10 

3 

ESI 

0 

0 

1 

KX 

AL 

ffiil 

EH 

ffifj 

BB 

(  10) 

- 

(10) 

(  10) 

(  10) 

(  10) 

l  10) 

(  10) 

(  10) 

era 

M'S 

mm 

am 

6.0 

STEEL 

0 

0 

0 

0 

0 

5 

(  5  ' 

mm 

m 

i  10) 

m 

(S) 

AL 

(  10) 

(  10) 

1  10) 

STEEL 

> 

■- 

10 

•3 

0 

0  I 

mi 

§§n 

5 

A). 

■  :o, 

t  10) 

DO 

MU 

[BOH 

AL 

10) 

1  10) 

10) 

10) 

o 

0 

m 

Mai 

- 

■ 

0 

0 

0 

0 

S 

■  31 

i  )! 

9 

BiH 

i  a  i 

AL 

(  10  1 

10) 

BB 

m 

■EB 

10) 

SEE  TABLE  X ; I  FOR  EXPLANATION  OF  FOOTNOTES  TABLE  XII  FOR  EXPLANATION  OF  FOOTNOTES 


I 


392  International  Wire  &  Cable  Symposium  Proceedings  1988 


TABLE  VIII 


TABLE  X 


PERFORMANCE  RATINGS  FOR  CACSP  IN  CONWAY  BURIAL  "ESTS 


PERFORMANCE  RATINGS  FOR  AL/STEEL/AL  IN  CONWAY  BURIAL  TESTS 


TABU  XI 


TABLE  XII 


PERFORMANCE  RATINGS  FOR  CAL/ STEEL /CAL  IN  CONWAY  BURIAL  TESTS 


EXPLANATORY  NOTES 


EXPOSURE 

TIKE 

(TEARS)  STATIC  ACTIVE  WINDOW  RING 


1.  Corrosion  at  or  along  line  where  shield  was  touched  by 
punch  or  cutting  tool. 

2.  Mechanical  damage. 

3.  Coating  torn. 

4.  NBSIR  81-2243,  4/01 

5.  Sample  area  missing  probably  due  to  preparation  of 
holes  with  punch. 

6.  One  perforation  not  initiated  by  mechanical  damage. 

7.  Removed  for  metallurgical  analysis  by  TI  prior  to 
exam  by  panel. 

8.  Extensive  corrosion  from  the  edge 

9.  Mechanical  deformation  (dimple)  caused  tv  internal 
corrosion  products. 

10.  Filliform  corrosion  observed. 


Inner  jacket  evaluation  indicted  by  (  ) . 

Blanks  indicate  inability  to  evaluate. 

Where  dual  ratings  are  given,  the  second  rating 
Is  for  edge  effects. 

Evaluations  are  based  on  exposed  area  only. 


SEE  TABLE  XII  FOR  EXPLANATION  OF  FOOTNOTES 
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OPTIMIZATION  OF  RETURN  LOSS  AND  INSERTION  LOSS 
PERFORMANCE  OF  SINGLE-MODE  FIBER  MECHANICAL  SPLICES 


W.C.  Young,  V.S.  Shah,  and  L.  Curtis 
Bellcore,  Red  Bank,  New  Jersey 


SUMMARY 

Single-mode  fibers  having  oblique  endfaces  can 
be  used  in  conjunction  with  index-matching 
material  to  achieve  mechanical  splices  (both 
single  and  multiple  fiber  splices)  that  exhibit 
high  return  loss  performance  without 
significantly  affecting  insertion  loss 
performance.  Furthermore,  this  improvement 
in  performance  does  not  require  any  additional 
alignment  complexities.  In  cases  where  oblique 
endfaces  are  used  without  index-matching 
material,  high  return  losses  can  still  be  realized, 
however,  this  may  result  in  degraded  insertion 
loss  performance  and/or  increased  complexity 
in  terms  of  the  relative  orientation  of  the 
oblique  fiber  endfaces.  This  technique  of 
incorporating  small  faceted  endface  angles  and 
index-matching  materials  can  also  be  used  to 
upgrade  some  of  the  existing  mechanical  splices 
in  installed  fiber  cables,  if  future  lightwave 
systems  require  higher-performance  splices. 
Upgrading  the  splices  in  this  manner  would  only 
require  a  simple  polishing  procedure  and  would 
yield  splices  having  high  return  loss 
characteristics  over  wide  environmental  and 
climatic  conditions.  For  example,  we  have 
demonstrated  that  by  applying  10  degree 
endface  angles,  with  random  relative 
orientation  within  the  joint,  the  return  loss  of  an 
index-matched  mechanical  splice  was  increased 
from  24dB  to  more  than  60dB,  while 
maintaining  an  insertion  loss  of  0.2dB. 

INTRODUCTION 

Optical  feedback  from  reflections  caused  by 
connectors  and  splices  can  generate  intensity 


noise  in  lasers^  and  introduce  power  penalties 
in  digital  transmission  systems^.  It  was  recently 
reported,  that  multiple  reflections  between  fiber 
joints  can  cause  the  conversion  of  laser  phase 
noise  into  intensity  noise  that  can  severely 
degrade  both  high-speed  direct-detection  and 
coherent  lightwave  systems^,  even  when 
isolators  are  used.  Unlike  fusion  splices,  that 
typically  exhibit  reflection  characteristics 
greater  than  60dB,  present  mechanical  splices 
usually  exhibit  reflections  ranging  between  20 
and  50dB  in  return  loss,  even  when  index¬ 
matching  material  is  used.  Furthermore,  as  a 
result  of  multiple  beam  interference,  even  in 
cases  where  index-matching  is  employed, 
climatic  and  environmental  changes  can  cause 
large  fluctuations  in  return  loss  while  only 
exhibiting  negligible  cnanges  in  insertion  loss. 
In  this  paper,  we  report  on  a  novel  technique  of 
mechanical  splicing  that  optimizes  both  return 
loss  and  insertion  loss  performance  of 
mechanical  joints  by  simultaneously  using 
oblique  fiber  endfaces  and  index-matching 
material.  This  novel  technique  can  be  used  with 
single  and  multiple  fiber  mechanical  joints 
employing  either  multimode  or  single-mode 
fibers,  and  can  be  used  to  upgrade  the  return 
loss  characteristics  of  existing  mechanical 
splices  without  degrading  their  insertion  loss 
performance,  provided  index-matching  material 
is  used. 

DISCUSSION 

Various  methods  can  be  used  to  realize  high 
return  loss  and/or  low  insertion  loss  fiber  joints 
such  as  physical  contact  between  adjacent 
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fibers^,  index-matching  materials  between 
adjacent  fibers^,  and  angled  endfaces^.  In  the 
following  we  will  describe  how  the  optimization 
of  high  return  loss  and  low  insertion  loss 
performance  can  be  achieved  by  using,  in 
combination,  oblique  fiber  endfaces  and  index¬ 
matching  material.  These  oblique  endfaces  de¬ 
couple,  from  the  fiber,  the  power  reflected  from 
the  endface,  and  the  index-matching  material 
reduces  both  the  amplitude  of  the  reflective 
power  component  and  the  beam  deflection 
angle  caused  by  the  oblique  endfaces.  This 
combination,  as  explained  below,  yields  single¬ 
mode  fiber  joints  that  exhibit  high  return  loss 
without  degrading  insertion  loss  performance. 

The  return  loss  of  a  single-ended  single-mode 
fiber,  having  various  endface  angles  was 
investigated  both  theoretically  and 
experimentally.  Since  it  is  assumed  that  the 
oblique  endfaces  would  more  than  likely  be 
applied  by  employing  a  polishing  technique,  and 
that  practical  techniques  of  polishing  fiber 
endfaces  have  been  shown  to  produce  non-flat 
and  scratched  surfaces,  index-matching  material 
was  used  in  this  study.  Furthermore,  since  this 
type  of  simple  polishing  can  also  produce  a 
high-index-layer  (about  n  =  1.6)  due  to 
compaction^,  a  matching  oil  having  an  index  of 
1.6  was  selected  to  reduce  the  effects  caused  by 
these  departures  from  ideal  flat  and  smooth 
endfaces.  It  should  be  noted,  that  although  the 
index  oil  reduces  the  reflection  occurring 
between  the  high-index  layer  and  air,  the 
residual  intrinsic  reflection  occurring  between 
the  bulk  fiber  material  and  the  compacted  layer 
(1.46/1.6)  remains.  It  is  this  boundary  that 
limits  the  return  loss  performance  of  this  type 
of  polished  endface  to  a  value  of  about  35dB 
for  perpendicular  endfaces.  Furthermore, 
although  the  index-matching  oil  minimizes  the 
effect  from  the  surfaces  of  non-flat  endfaces 
due  to  polishing,  it  has  no  effect  on  the  non-flat 
boundary  between  the  bulk  material  and  high- 


index  layer,  that  we  assume  has  also  taken  a 
similar  shape  as  the  endface.  Investigations  of 
the  non-flatness  of  these  endfaces  usually 
reveals  a  concave  surface  caused  by  the  radial 
dependence  of  the  fiber’s  hardness.  The  results 
of  our  theoretical  and  experimental  study  of  the 
single  oblique  endface  are  shown  in  Figure  1. 


Fig.  1  -  Theoretical  and  experimental  return 
loss  versus  endface  angle  (polished 
endfaces  of  single-ended,  single¬ 
mode  fiber,  immersed  in  index¬ 
matching  oil(n  =  1.6). 

The  theoretical  curve^  assumes  a  spherical 
concave  surface  across  the  core  with  a  radius  of 
250  microns,  and  the  crosses  are  experimental 
values  of  return  loss.  As  can  be  seen  in  this 
figure,  when  the  oblique  angle  is  greater  than  5 
degrees,  the  return  loss  of  endfaces  polished 
with  this  type  of  simple  procedure  (dry 
polishing  with  1  micron  aluminum-oxide  coated 
polyester  sheet  on  a  hard  flat  surface)  increases 
much  less  rapidly  than  that  of  perfectly  flat  and 
smooth  cleaved  endfaces. 
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As  shown  above,  oblique  endfaces  exhibit  high 
return  loss  characteristics,  but  this  type  of 
endface  also  causes  deflection  of  the  emitted 
beam  resulting  in  a  transverse  offset  as  shown  in 
Figure  2,  even  though  the  fiber  axes  may  be 
perfectly  aligned. 


Fig.  2  -  Schematic  of  a  butt-joint  of  two 

single-mode  fibers  having  oblique 
endfaces. 

It  can  be  shown  that  the  magnitude  of  this 
offset  is  a  function  of  the  fiber  endface  angle 
and  the  deflection  angle  of  the  emitted  beam. 
By  orienting  the  fiber  endfaces  parallel  to  each 
other,  to  minimize  the  angular  misalignment, 
and  by  establishing  and  controlling  the 
longitudinal  separation  and  transverse  offset  of 
the  fiber  axes,  good  coupling  efficiency  of  the 
transmitted  beam  (low  insertion  loss 
performance)  can  be  achieved.  To  ensure  high 
return  loss  performance  we  have  shown  that  an 
angle  of  at  least  5  degrees  is  required  for  a 
single-ended  single-mode  fiber.  When  the 
second  endface  of  a  joint  is  considered,  the 
return  loss  performance  of  two  parallel 
endfaces  having  the  same  angle  is  only  slightly 
less  than  the  singled-ended  case.  But,  in  cases 
where  the  second  endface  is  not  parallel,  due  to 
the  presence  of  a  relative  rotational 
displacement  of  the  two  fibers,  the  beam 
reflected  from  the  second  endface  can  have  a 
smaller  angle  within  the  first  fiber,  resulting  in 
increased  returned  power  (i.e.  degraded  return 


loss  performance).  Therefore,  in  this  case, 
larger  endface  angles  must  be  used  to  maintain 
similar  return  loss  performance.  However, 
insertion  loss  performance  will  suffer  because  of 
the  larger  angular  misalignment  present.  In  this 
study,  we  have  found  that  by  using  index¬ 
matching  material,  the  deflection  angle  can  be 
reduced  to  a  very  small  value.  The  insertion 
loss  is  then  significantly  improved  because  of 
the  very  small  angular  misalignment,  and  the 
return  loss  is  also  improved  because  the  beam 
reflected  from  the  second  endface  enters  the 
first  fiber  at  an  angle  very  close  to  twice  the 
oblique  angle  (same  as  parallel  endfaces). 
Thus,  the  use  of  index-matching  material  allows 
the  random  orientation  of  the  two  fiber 
endfaces  with  only  negligible  degradation  in 
either  insertion  loss  or  return  loss  performance 
compared  to  the  case  of  parallel  orientation.  It 
should  be  noted  that  the  index-matching 
material  for  the  case  of  perpendicular  endfaces 
also  reduces  the  reflective  power  component 
from  the  fiber  endfaces,  however,  the  residual 
reflection  from  the  interface  between  the  bulk 
fiber  material  and  the  polishing-induced  high- 
index  layer  is  not  reduced.  But  in  the  case  of 
the  oblique  endface,  the  resulting  angular 
interface  between  the  bulk  fiber  material  and 
the  compacted  layer  of  the  endface,  greatly 
reduces  the  coupling  of  this  reflected  power 
component  (1.46/1.6).  Therefore,  high-return- 
loss,  low-insertion-loss  mechanical  splices  can 
be  realized  by  simultaneously  using  oblique 
fiber  endfaces  (greater  than  5  degree  endface 
angle)  and  index-matching  material. 
Furthermore,  this  approach  permits  random 
relative  orientation  of  the  oblique  endfaces 
without  degrading  performance. 

RESULTS 

A  v-groove  splice  with  index-matching  oil  was 
used  to  confirm  the  above  conclusions.  First,  40 
splices  were  assembled  using  cleaved  single¬ 
mode  fibers  having  endface  angles  less  than  1 
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degree,  and  their  return  losses  and  insertion 
losses  were  measured  using  a  1300  nanometer 
OTDR.  Next,  100  splices  were  assembled  using 
polished  single-mode  fiber  endfaces  having  a  10 
degree  endface  angle.  The  polishing  was  done 
dry,  using  1  micron  aluminum-oxide  coated 
polyester  sheets  on  a  flat  glass  plate.  Each  end 
was  polished  by  hand,  requiring  less  than  1 
minute,  and  no  inspection  was  made  of  the 
endfaces.  The  splices  were  then  assembled 
without  regard  to  their  relative  endface 
orientation,  and  their  return  loss  and  insertion 
loss  were  also  measured  with  the  OTDR. 
Figures  3  and  4  compare  the  return  loss  and 
insertion  loss  performance  of  these  two  types  of 
splices,  respectively. 

OBLIQUELY 

CLEAVED  POLISHED 

v///;  mmm 


PERCENT  OF  SPLICES 


20  25  30  35  40  45  50  55  60 

RETURN  LOSS  MB) 


Fig.  3  -  Histogram  of  return  loss  for  40 
splices  having  perpendicular, 
cleaved  endfaces  and  100  splices 
having  obliquely  polished  endfaces. 

As  shown  in  Figure  3,  the  cleaved  perpendicular 
(less  than  1  degree)  endfaces  have  values 
ranging  between  20  and  55dB  (mean  of  27db 
and  standard  deviation  of  8dB),  while  the 
return  loss  performance  for  the  splices  having 
oblique  endfaces  show  significant  improvement 
(mean  of  55dB  and  standard  deviation  of  4  dB). 


In  addition,  since  in  practice  index-matching  is 
generally  not  perfect,  resulting  multiple  beam 
interference  causes  any  longitudinal  movement 
of  the  fibers  to  change  the  return  loss.  For  the 
case  of  perpendicular  endfaces  the  minimum 
return  loss  can  be  very  low  as  seen  in  this  study 
(20dB),  where  as  for  the  case  of  oblique 
endfaces  the  minimum  value  is  greater  than 
45dB.  Contrary  to  the  large  difference  in  return 
loss  performance  of  splices  having  oblique  and 
perpendicular  endfaces,  the  insertion  loss 
performance,  even  with  the  presence  of  the 
relatively  large  oblique  angle  of  10  degrees,  was 
similar  for  both  types  of  splices,  as  can  be  seen 
in  Figure  4. 

OBLIQUELY 
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'////✓  ■■ 


PERCENT  OF  SPLICES 


INSERTION  LOSS  (dB) 

Fig.  4  -  Histogram  of  insertion  loss  for  40 
splices  having  perpendicular, 
cleaved  endfaces  and  100  splices 
having  obliquely  polished  endfaces. 

The  mean  and  standard  deviation  for  splices 
having  perpendicular  endfaces  was  0.21  and 
0.1 3dB  and  for  splices  having  oblique  endfaces 
was  0.28  and  0.12dB,  respectively. 

To  evaluate  this  technique  in  the  case  of 
multiple  fiber  splices  and  to  confirm  that  six 
degree  endface  angles  are  large  enough  to 
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provide  excellent  return  loss  characteristics,  an 
eight-fiber-array  splice  was  modified  by 
polishing  an  angled  facet  (6  degrees)  across  the 
endface  of  the  array,  as  shown  in  Figure  5. 


MATERIAL  GROOVES 


Fig.  5  -  Schematic  of  a  linear  fiber  array 
splice. 


Due  to  the  relatively  large  thickness  of  the  array 
(1.5  mm),  compared  to  an  uncoated  fiber  (125 
microns),  a  small  facet  was  used  to  minimize  the 
longitudinal  separation  between  the  fibers, 
since  any  mismatch  in  endface  angle  would  have 
caused  a  larger  separation  than  the  one 
occurring  in  just  fiber-to-fiber  interfaces. 
Although  not  a  necessity,  parallel  orientation  of 
the  two  opposing  facets  was  controlled  by  the 
design  characteristics  of  the  linear-array  splice. 
For  the  previously  mentioned  reasons,  index¬ 
matching  oil  (n  =  1.6)  was  also  used  in 
assembling  these  particular  splices.  Table  1 
shows  the  measured  values  of  return  losses  and 
insertion  losses  of  the  eight-fiber-array 
measured  at  a  wavelength  of  1539  nanometers. 
As  shown  in  the  table,  return  losses  of  greater 
than  55dB  were  achieved  when  index-matching 
oil  was  used,  and  no  significant  increase  in 
insertion  loss  occurred  when  compared  to 
measurements  made  before  modification  of  the 
endfaces. 


Fiber 

Return 

Loss  (dB) 

Insertion 
Loss  (dB) 

Insertion 
Loss  (dB) 
(Initial) 

1 

57* 

0.19** 

0.00 

2 

60 

0.20 

0.00 

3 

57 

0.08 

0.06 

4 

57 

0.20 

0.14 

5 

58 

0.10 

0.00 

6 

61 

0.03 

0.07 

7 

62 

0.03 

0.05 

8 

56 

0.34 

0.34 

*  46dB  (Air-Gap)  **  0.58dB  (Air-Gap) 


Table  1  -  Return  losses  and  insertion  losses 
for  an  8  fiber  array  splice  having 
oblique  endfaces. 

To  evaluate  cases  where  poor  index-matching 
and/or  migration  (from  between  the  fiber 
endfaces)  of  the  index-matching  material 
occurs,  the  return  loss  and  insertion  loss  of  one 
fiber  path  was  measured  when  the  splice  was 
assembled  without  index-matching  material.  In 
this  case,  due  to  the  presence  of  an  air-gap  and 
the  resulting  increase  in  reflection,  the  insertion 
loss  increased  from  0.19  to  0.58dB  while  the 
return  loss  decreased  from  57  to  46dB,as 
detailed  in  Table  1.  This  measurement  shows 
that,  if  preferred,  the  splice  can  be  assembled 
without  index-matching  material  and  still  have 
good  return  loss  characteristics.  However,  due 
to  the  increase  in  reflection  from  the  endfaces, 
the  insertion  loss  performance  is  degraded 
accordingly. 

The  splice  was  also  assembled  such  that  the  two 
opposing  facets  formed  a  12  degree  angle.  In 
this  case,  the  insertion  loss  was  O.SOdB  and  the 
return  loss  was  55dB  when  index-matching 
material  was  used,  and  5.4dB  and  25dB, 
respectively,  without  index-matching  material. 
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ABSTRACT 


The  purpose  of  this  paper  is  to  determine 
the  factors  that  contribute  to  excessive  loss  at 
dissimilar  fiber  splices  and  derive  a  maximum 
|  limit  for  acceptable  loss. 

Despite  variations  in  alignment  techniques, 
fusion,  V-groove,  and  rotary  splices,  all  yield 
extremely  low  losses.  This  means  that  mechanical 
misalignments,  as  well  as  fiber  intrinsic 
factors,  are  eliminated.  Comparison  of  the 
experimental  and  theoretical  loss  values  fur 
various  combinations  of  matched  cladding  and 
I  depressed  cladding  fibers  indicates  that  the 

effects  of  mode  field  diameter  mismatch  are 
negligible. 

If  a  transmission  method  of  measurement  is 
used,  an  acceptable  maximum  level  of  0.15  dB  can 
be  set.  Assuming  that  there  are  no  extraneous 
errors,  a  splice  loss  in  excess  of  this  value 
I  must  be  attributed  to  manufacturing  deficiencies 

of  the  mechanical  splices. 

When  an  OTDR  is  used,  factors  such  as  group 
velocity  and  variations  of  scattering  contribute 
to  measurement  deviations.  Therefore,  when 
specifying  loss  values,  allowances  must  be  made 
to  account  for  the  inherent  experimental 
inaccuracies . 


INTRODUCTION 


General 


In  recent  years  there  have  been  significant 
improvements  in  single  mode  fiber  manufacturing 
tolerances  and  splicing  techniques.  Some 
mechanical  splices  perform  so  well  that  loss  and 
strength  approaching  those  of  fusion  splices  can 
be  achieved.  This  would  imply  that  errors  due  to 
fiber  geometry  variations  and  fiber  misalignment 
are  virtually  eliminated.  However,  under  field 
conditions,  high  losses  are  still  encountered. 
In  view  of  this,  the  question  is  whether  we  can 
establish  precisely  an  acceptable  level  of  splice 
loss  objective. 


In  a 
Matthews, 
detai led 
matched 
fibers1 . 


paper  published  in  1987,  Hopiavuori, 
and  DeVito  have  reported  results  of  a 
investigation  of  fusion  splicing  of 
cladding  and  depressed  cladding 
Their  conclusion  is  that  mode  field 


diameter  (MFD)  mismatch  and  lateral  offset  of  the 
cores  contribute  less  to  the  splice  loss  than  the 
end  angle.  Only  fusion  splices  using  fibers 
cleaved  precisely  and  tests  using  OTDR  are 
considered. 

The  purpose  of  this  paper  is  to  determine 
various  factors  that  contribute  to  the  excess 
loss  and  derive  a  maximum  acceptable  limit. 
Excess  loss  becomes  increasingly  significant  when 
dissimilar  fibers  are  involved,  or  when  early 
vintage  fibers  are  joined  with  present  day 
fibers. 


Fiber  Dimensional  Tolerances 

The  main  fiber  variations  are  in  the  core 
size,  cladding  diameter,  ellipticity,  and  core¬ 
cladding  eccentricity.  In  recent  years,  fiber 
manufacturers  have  tightened  fiber  geometry 
specifications.  Computer-controlled  processes 
now  enable  the  manufacturer  to  achieve  great 
dimensional  precision,  repeatability,  and 
uniformity.  For  example,  core-cladding  offset 
less  than  1  micron  and  a  noncircularity  less  than 
2  percent  have  become  routine.  At  the  present 
time,  standard  deviations  for  core  size  (MFD)  and 
cladding  diameter  are  0.15  micron  and  0.6  micron, 
respectively  .  The  precision  is  so  high  that  one 
manufacturer  describes  the  process  as 
"cloning'1.  However,  one  variability  which  is 
unavoidable  is  the  index  profile,  which  reflects 
the  deposition  process. 


Splicing  Techniques 

All  splicing  methods  involve  V-groove(s). 
In  the  fusion  process,  the  two  fiber  ends  are 
located  in  two  V-grooves  on  either  side  of  the 
arc  electrodes.  This  arrangement  permits 
movement  of  the  fiber  in  three  mutually 
perpendicular  directions.  Sometimes  there  is  a 
provision  for  fiber  rotation.  High  precision  and 
repeatability  are  attained  by  microprocessor 
control . 

Most  mechanical  splices  feature  a  continuous 
V-groove.  One  exception  is  the  rotary  splice. 
The  elastomeric  splice  consists  of  two  half- 
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hexagonal  pieces,  one  with  a  V-groove.  The 
triangular  interstitial  space  formed  by  the  two 
pieces  is  smalle’-  than  the  fiber  size.  This 
enables  equal  distortion  of  all  three  sides  so 
that  tne  fibers  are  concentric  to  one  another. 
The  core  contains  an  index  matching  gel. 
Variations  of  the  design  include  four-rod 
arrangement  (PSI)  and  a  V-groove  with  a  flat 
plate  on  top  (Mekconlite) .  In  addition  to 
longitudinal  alignment,  the  fibers  can  also  be 
rotated.  This,  coupled  with  the  fact  that  active 
alignment  (LID)  is  used,  permits  elimination  of 
most  of  the  misalignment  problems. 

To  achieve  high  precision,  the  V-groove  must 
be  smooth  and  straight.  As  stated  by  Cannon  and 
Williford,  the  offset  <  between  the  two  fiber 
centers  differing  in  radii  by  an  amount  a  is: 

t  =  A 

Sin  a/2 


cleaving  tool  defects  will  yield  large  end 
angles,  in  general  an  operator  repeats  the 
cleaving  step  at  least  three  times.  The  use  of 
index  gel  can  often  compensate  for  nonuniformity 
of  the  ends.  Many  microprocessor  controlled 
fusion  splicers  will  not  function  if  end  angles 
are  larger  than  3°.  One  way  to  eliminate  end 
angle  problems  is  to  polish  the  fiber  ends,  as  is 
the  case  with  the  rotary  splice. 


Measurement  Inaccuracies 

A  transmission  method  is  often  suggested  for 
the  determination  of  splice  loss.  However,  when 
cut  fibers  or  discontinuous  cables  are  used,  this 
method  is  not  accurate  because  of  the  need  to  use 
a  cutback  technique.  Similarly,  the  detector  in 
a  LID  system  provides  only  an  estimate  of  the 
splice  loss. 


where  a  is  the  angle  of  the  V-groove^.  The 
minimum  attainable  offset  occurs  where  a/2  =  90° 
or  a  flat  plate.  It  gets  worse  as  the  angle  gets' 
smaller.  The  usual  angle  is  45°.  The 
reliability  of  a  V-groovo  depends  on  the  fiber 
outside  diameter  (O.D.).  If  the  fiber  diameters 
vary  greatly,  it  will  not  be  possible  to  obtain 
satisfactory  alignment. 

In  the  rotary  technique,  the  fibers  are  held 
rigidly  in  two  ferrules,  which  are  then  inserted 
into  a  discontinuous  V-groove  formed  by  three 
glass  -rods  contained  in  a  triangular  metal 
sleeve4.  Built-in  eccentricities  of  the  bore 
within  the  glass  ferrules  and  the  offset  in  the 
sleeve  allow  relatively  large  rotational 
movements  and  small  movement  of  the  cores 
relative  to  one  another.  Active  alignment 
involves  injecting  light  into  the  core  at  one  end 
and  detecting  scattered  light  at  the  splice 
point. 

A  comparison  of  the  various  methods  shows 
that  fusion  represents  the  ideal  case.  Losses  as 
low  as  0.01  or  0.02  dB  are  easily  obtained.  The 
rotary  technique  approaches  this  level, 
especially  when  similar  fibers  are  used.  In 
contrast,  the  precision  possible  with  a  V-groove 
splice  is  considered  somewhat  lower. 


Extraneous  Factors 


At  Contel  Labs,  we  have  developed  a 
technique  for  accurately  measuring  loss  at 
dissimilar  splice  points  .  However,  this  method 
is  not  feasible  in  the  field. 

In  most  field  situations,  an  0TDR  is 
employed.  In  applying  an  0TDR,  it  is  important 
that  the  trace  is  interpreted  correctly*5.  First 
of  all,  bidirectional  measurement  is  required 
with  the  actual  loss  being  the  average  of  the  two 
values.  Furthermore,  factors  such  as  mode  field 
diameter  mismatch,  group  velocity,  and  variations 
of  backscattering  must  also  be  considered'’8. 


SAMPLES 

A  large  number  of  splices  (V-groove,  rotary, 
and  fusion)  were  prepared  using  various 
combinations  of  the  following  dissimilar  fibers 
representing  different  vendors: 


FIBER 

TYPE 

MODE  FIELD 
DIA. ,  iim 

CLADDING 
DIA.,  pm 

A 

Depressed  Cladding 

9.00 

124.89 

B 

Depressed  Cladding 

9.04 

125.00 

C 

Matched  Cladding 

9.45 

125.20 

D 

Matched  Cladding 

10.27 

124.70 

E 

Depressed  Cladding 

9.78 

125.10 

The  two  extraneous  factors  that  contribute 
to  excess  loss  are  craft  errors  and  measurement 
inaccuracies . 

There  are  three  tangible  elements  that 
influence  craft  errors:  inadequate  training, 
alignment  difficulties,  and  unsatisfactory  cleave 
angle.  One  intangible  element  is  the  degree  of 
skill.  However,  the  alignment  difficulties  and 
inadequate  training  can  be  corrected  by 
systematic  mastering  of  the  technique.  Although 


A  microprocessor-controlled  fuser  was 
utilized  to  fuse  fibers.  Two  cleaving  tools  were 
used  to  prepare  fiber  ends.  End  angles  were  not 
measured.  However,  previous  tests  have  shown 
that  cleaver  I  typically  yields  an  average  end 
angle  of  0.99°  (sigma  =  0.271  and  that  cleaver  II 
provides  2.1°  (sigma  =  1.25).  The  rotary  splice 
was  optimized  using  an  Anritsu  source  and  a 
detector  operating  at  1300  nm. 
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The  splices  featured  3  to  10-foot  fiber 
sections  except  when  an  OTDR  was  used  to  optimize 
during  sample  preparation.  Only  a  limited  number 
of  rotary  and  V-groove  splices  were  available. 
However,  the  V-groove  devices  were  reused  a 
number  of  times. 


MEASUREMENTS 


Splice 

experimental 

paperb. 


loss  was  determined  using  the 
technique  described  in  a  previous 


The  procedure  is  a  modified  version  of  the 
traditional  transmission  measurement  and  includes 
cutback  and  substitution  steps.  The  errors 
introduced  when  the  fiber  ends  of  a  test  splice 
are  removed  and  reinserted  at  the  interconnection 
points  are  calculated  based  on  the  known  values 
of  control  splices. 


Initial  loss  is  measured  by  connecting  a 
long  section  of  fiber  between  two  test  points 
(laboratory  splices).  The  fiber  end  at  the 
detector  side  is  removed,  and  a  third  laboratory 
splice  is  inserted.  Finally,  the  test  splice  is 
introduced  between  the  third  splice  and  the 
second  splice. 


demonstrate  the  precision  that  can  be  achieved  in 
installing  a  mechanical  splice. 

The  results  confirm  that  almost  all  of  the 
factors  contributing  to  excess  splice  loss  can  be 
eliminated.  In  the  tests  performed  in  a 
controlled  environment,  craft  errors  can  be  taken 
as  negligible.  Experimental  inaccuracies  are 
also  quite  small,  especially  in  the  transmission 
method.  The  high  technology  of  alignment  process 
eliminates  misalignments.  Data  published  in  the 
industry  indicate  that  even  a  2-micron  lateral 
offset  contributes  only  approximately  0.01  dB  to 
the  splice  loss1. 

The  effect  of  mode  field  diameter  mismatch 
on  splice  Josses  has  been  discussed  by  a  number 
of  authors'*8’9.  If  2w3  and  2w2  represent  the 
mode  diameters  of  the  two  fibers,  the  resulting 
mismatch  loss  can  be  calculated  based  on  R,  R  is 
defined  as  the  ratio  of  the  mode  diameter  differ¬ 
ence  divided  by  the  mode  diameter  average. 

R  =  2  (wj  -  w2)/(wj  +  w2) 

Loss  =  dB(R)  =  20  logjQ  ^°-5  £(wj/w 2)  +  (w2/wi  )j  ^ 

»  4.343  R2  for  |  R  |  <0.8 


The  total  loss  is  composed  of  three 
components: 


where, 


Loss  -  Lj  +  L3  +  8 

Lt  =  Loss  at  Test  Splice 
L3  =  Loss  at  Splice  No.  3 
B  =  Correction  Factor. 


The  correction  factor  is  determined  using 
control  splices,  the  absolute  loss  values  of 
which  are  known. 


The  correction  factor  was  0.01  dB. 


RESULTS 


If  we  consider  the  worst  case  condition  of 
two  fibers  having  MFDs  10.27  and  9.04  ^m,  the 
loss  contribution  is  0.02  dB.  In  several 
instances  losses  equal  to  or  less  than  this  value 
are  observed.  Therefore,  the  mode  field  diameter 
mismatch  has  only  a  marginal  significance. 

In  the  OTDR  test  (Table  II)  the  difference 
between  the  transmission  loss  and  the  OTDR  loss 
average  ranges  from  0.06  dB  (Samples  5  and  6)  to 
0.21  dB  (Samples  1,  2,  3,  and  7).  One  way  loss 
is  still  higher,  thus  accounting  for  the  effect 
of  loss  or  gain  in  the  backscattered  power.  The 
measured  backscattered  power  shown  in  Table  II  is 
t..e  uiife.  c.CC  L_L..c'i  a  one-way  OTDR  value  and 
the  average  of  the  bidirectional  values.  It  can 
also  be  calculated  theoretically  as  follows.  *8 


The  data  are  contained  in  Tables  I  and  II, 
and  Figures  1  through  4,  and  represent  the  three 
types  of  splicing,  namely  fusion,  V-groove,  and 
rotary.  Table  II  contains  splice  loss  for  three 
rotary  splices  optimized  and  tested  using  a  Laser 
Precision  TD-9950  OTDR. 

The  average  splice  loss  for  fusion  is 
0.043  dB  when  a  depressed  cladding  fiber  is 
joined  to  a  matched  cladding  fiber.  The  worst 
case  is  0.14  dB.  The  V-groove  yields  an  average 
of  0.046  dB.  The  performance  of  the  rotary 
splice  approaches  that  of  fusion  splices.  A  low 
value  of  0.02  dB  is  obtained  even  when  a  fiber 
with  a  low  MFD  (9.04)  is  coupled  with  a  fiber 
having  a  high  MFD  (10.27).  These  low  values 


Backscattered  Power  _ 
(Both  Directions) 


1/2  MFDj  2 
1/2  MFD2 


MFDi  and  MFD2  are  respective  mode  field  diameters 
of  the  two  fibers. 

The  calculated  and  measured  values  agree 
except  in  the  case  of  Sample  8.  Samples  were 
prepared  by  optimizing  in  one  direction.  Because 
backscattering  loss  is  almost  equal  to  the 
average  loss  (Table  II),  it  is  hard  to  compute 
the  actual  loss.  It  is  interesting  to  note  that 
preparation  using  an  OTDR  tends  to  yield  higher 
values. 
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All  three  modes  of  splicing  yield  identical 
results.  Even  a  simple  V-groove  can  provide 
extremely  low  losses.  Therefore,  the  acceptable 
maximum  can  be  set  as  low  as  0.15  dB.  However, 
when  an  OTDR  is  employed,  it  is  difficult  to 
specify  a  low  value. 


CONCLUSIONS 


All  three  types  of  splicing,  namely  fusion, 
V-groove,  and  rotary,  provide  extremely  low 
losses.  This  implies  that  mechanical  misalign¬ 
ments  as  well  as  fiber  intrinsic  factors  are 
eliminated.  Comparison  of  the  experimental  and 
theoretical  loss  values  for  various  combinations 
of  matched  cladding  and  depressed  cladding  fibers 
shows  that  mode  field  diameter  mismatch  has  only 
marginal  significance. 

The  results  demonstrate  that  it  is  possible  to 
set  an  acceptable  maximum  loss  as  low  as  0.15 
u8.  A  loss  in  excess  of  this  value  must  be 
attributed  to  manufacturing  deficiencies  of  the 
mechanical  splices. 

Large  measurement  deviations  are  possible  when 
an  OTDR  is  used.  This  is  because  other  factors 
such  as  group  velocity  and  variations  of  back- 
scattering  must  be  taken  into  account.  There¬ 
fore,  when  specifying  loss  values,  allowances 
must  be  made  to  account  for  the  inherent 
measurement  inaccuracies. 


aoTARv  splice 


TABLE  1. 

,0!$  -  ‘AANS^ISSION  *£’•< jD 


SW.  E 

flo-a  IfD. 
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A 
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0.06 

C-01 

0.04 

2 
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3.  Cl 

C  .02 

C.C-2 

3 

10.27/9.78 

0.02 

C  04 

?.:3 

4 

10.27/9.04 

c.:i 
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0.1.2 

5 

9.00/9.45 
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•0.05 

0.06 
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FUSION  SPLICING  OF  SINGLE-MODE  FIBERS 
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Abstract 

Local  injection  and  detection  (LID)  systems  allow 
the  loss  measurement  of  single-mode  liber  splices 
using  the  "air  gap  method "  by  monitoring  the 
transmitted  power  while  aligning  and  fusing  the 
fiber  ends.  However  insuff icient ly  prepared  end 
faces,  particularly  tilted  en  .  faces  increase  both 
measurement  error  and  loss  of  the  fusion  splic r 
This  paper  reports  a  new  technique  for  measuring 
the  mutual  end  angle  in  a  single-mode  fiber  air 
splice  and  investigates  its  influence  on  local 
splice  loss  measurement  error.  The  analysis  is 
based  on  the  physics  of  the  Fabry -Perot  resonator 
formed  by  the  fiber  end  faces  and  the  air  gap.  A 
theoretical  model  for  interference  effects  in  a 
single-mode  fiber  air  splice  is  developed  and 
experimentally  verified.  This  concept  has  been 
implemented  in  a  microprocessor  controlled  fusion 
splicer  and  allows  the  automatic  rejection  of 
unsatisfactorily  prepared  fiber  ends.  In  this  way 
.*»  maximum  error  of  +/-  0.05  d3  in  determining  the 
splice  loss  can  be  guaranteed  and  an  increase  in 
splice  loss  due  to  end  face  defects  is  avoided. 


Introduction 

Field  experience  has  proven  that  accurate  local 
splice  loss  estimation  is  an  important  reature 
involved  in  optical  fiber  splicing.  Two  different 
methods  for  local  loss  estimation  ;n  fusion 
splicers  are  commonly  used.  The  accuracy  of  both 
methods  is  restricted  due  to  various  deficiencies. 
The  "core  monitoring"  method  uses  the  digitized 
video  signal  of  the  splice  point  to  calculate  the 
splice  loss  from  the  detected  lateral  core  offset 
and  the  tilt  of  the  core  axes  /l/.  For  this  the 
wavelength  dependent  spotsize  of  the  fibers  to  be 
spliced  has  to  be  known.  A  deviation  from  the 
assumed  spotsize  can  1  trad  to  a  significant 
measurement  error.  Moreover,  core  bending  or  other 
splice  defects  like  dirt,  bubbles  etc.  are  not 
taken  into  account . 

A  more  reliable  method  !s  t.o  determine  the  splice 
loss  from  the  transmitted  power  levels  P,.  and  \\ 
which  are  measured  e.g.  by  means  of  a  I. ID  svstem 
after  optimal  alignment  of  the  fiber  cores  before 
fusing  and  after  c[  fusion  process,  respectively 
/2,3,4/.  It  is  shown  in  /?./  that  us ;  Tig  the 


measured  power  levels  Pb  and  Pa  the  splice  loss  as 
can  be  determined  from 

as  -  10  log  Zi  +  ab  (1) 

P„ 


where  ab  Is  the  loss  of  the  optimally  aligned 
splice  before  fusing,  if  an  index  matching  liquid 
is  used  between  the  fiber  ends  during  the  align¬ 
ment  the  attenuation  component  afc  disappears 
almost  completely.  With  this  socalled  'wet  method" 
the  error  in  estimating  the  loss  is  as  low  as 
+/-  0.01  dB  /A/.  A  disadvantage  of  this  method  is 
that  additional  hardware  is  required  for  applying 
the  immersion  drop  to  the  fiber  ends.  The  "dry 
method"  or  "air  gap  method"  can  be  implemented 
without  additional  hardware.  However,  data  aqui- 
sition  is  more  complex  due  to  interference  effects 
in  the  air  gap  /5/.  The  accuracy  of  this  method 
depends  on  the  quality  of  the  fiber  end  faces, 
i.e.  on  the  air  splice  loss  ab .  Particularly 
tilted  end  faces  cause  a  significant  error  in 
splice  loss  estimation. 

Therefore  this  paper  investigates  the  transmission 
properties  of  a  single-mode  fiber  air  splice. 
Especially  the  influence  of  end  face  tilts  on 
splice  1  oss  and  measurement  error  of  the  "air  gap 
method"  is  discussed.  It  is  shown  that  the  oscil¬ 
lation  amplitude  of  the  loss  of  a  single-mode 
fiber  air  sp1 ice ,  which  is  observed  while  moving 
the  fiber  ends  in  axial  direction,  is  directly 
related  to  an  effective  tilt  angle  of  the  fiber 
end  faces.  A  new  method  is  described  for  auto¬ 
matically  evaluating  the  end  face  quality  of  the 
fibers  to  be  spliced  which  guarantees  a  maximum 
error  of  /-  0.0}  dB  by  rejecting  unsatisfactorily 
prepared  fiber  ends. 


Theory 

The  loss  of  a  single -mode  fiber  air  splice  is 
caused  bv  Fresnel  reflection,  lateral  offset, 
axial  offset,  tilt  of  fiber  axes.  tMtcd  fiber  end 
faces  versus  the  fiber  axes,  curved  fiber  end 
faces,  surface  roughness,  dirt,  and  mode  mismatch. 
Af*er  optimal  fiber  alignment  the  loss  of  an  air 
splice  is  essentially  influenced  by  the  surface 


International  Wire  &  Cable  Symposium  Proceedings  1988  407 


quality  of  the  end  faces.  The  most  important  loss 
factor  involved  in  fiber  cleaving  and  fusion 
splicing  is  the  end  face  tilt  particularly  in  the 
light  guiding  core  region. 

In  the  worst  case  the  total  tilt  angle  *  is  given 
by  the  sum  of  the  angles  of  cleave  and  *2  °f 
the  transmitting  fiber  1  and  the  receiving  fiber 
2,  respectively  (Fig.  1).  The  electromagnetic 


and  Cj  are  determined  by  solving  the  overlap 
integral  /6,7/  for  the  directly  transmitted  and 
twice  reflected  field,  respectively. 

We  assumed  gauss ian  shaped  fundamental  modes  and 
therefore  the  radiated  fields  in  the  gap  are 
gaussian  beams.  Applying  the  method  described  in 
/8/  the  solution  of  the  overlap  integral  for 
mismatched  and  misaligned  gaussian  beams  can  be 
written  as 


Fig.  1  Multiple  beam  interference  in  a 
single-mode  fiber  air  splice 


field  radiated  from  fiber  1  is  multiply  reflected 
in  the  air  gap  at  the  glass/air  interfaces  /5/. 
From  theory  the  coupling  efficiency  or  loss  of  the 
air  splice  is  calculated  by  superimposing  the 
phase  shifted  fundamental  modes  which  are  excited 
in  the  receiving  fiber  2  by  the  2n-fold  reflected 
fields.  Due  to  the  small  reflectivity  R-0.034  at  a 
wavelength  of  1.3  pm,  a  good  approximation  of  the 
coupling  efficiency  is  obtained  by  superimposing 
only  the  first  two  fundamental  modes.  This  step  is 
equivalent  to  approximating  the  multiple-beam 
interference  by  a  two-beam  interference.  Thus, 
assuming  a  strictly  monochromatic  light  source  the 
coupling  efficiency  tj  of  an  air  splice  can  be 
expressed  in  terms  of  the  complex  coupling 
coefficients  C0  and  Cj 

n  -  (1 -R)2 [ | C0 | 2+R2 | C; | 2  +  2R | C0 | | Cj | cos6 ]  <21 
6  -  arc (C0 ]  -  arcICj 1  . 


2  w,  w2 


J(v12+wz2)2  +  (zQ  A/jt)2 


e-(X+JY>  (4) 


X  -  I  (W!2+W22  )  [x02+y02  +  (jr/Aw1w2sin402  ]+z0w22 
(z0  s in2 4>+2x0  sin4>) )/[  (w^+w.,2  )2  +  (z0  X/n)2  ] 

Y  -  (z0A/x[x02+y02  +  (it/Aw1w2sin4>)2  ] -x/Xw22 

(Wj  2+w22  )  (z0  sin24>+2x0  sin$) )/[  (v12+vz2  )2  + 
+  (z0A/>t)2  ]+2*/Az0  -arctanlAzo/w/iw^+Wj2  )  ] 


where  the  optical  mismatch  is  characterized  by  the 
mode  field  radii  w,  and  w2  of  fiber  1  and  fiber  2, 
respectively.  A  is  the  wavelength  and  the 
parameters  *,  x„  ,  y0  ,  z0  define  the  geometrical 
misalignment  (Fig.  2)  of  the  beams.  Taking  into 


Fig.  2  Coupling  of  mismatched  and  misaligned 
gaussian  beams 


where  the  coupling  efficiency  ij  is  related  to  the 
splice  loss  ab  by 

ab  -  -  10  log  rt  (3) 

In  equation  (21  the  reflectivity  for  oblique 
incidence  is  well  approximated  by  the  reflectivity 
for  normal  incidence  which  causes  a  negligible 
error  for  angles  less  than  10° .  For  this  a 
distinction  between  parallel  and  orthogonal  pola¬ 
risation  of  the  incident  wave  is  not  necessary.  C0 


account  the  refraction  and  the  2n-fold  reflection 
of  the  radiated  fields  at  the  glass/air  interfaces 
the  angular  misalignments  4>0  and  for  the 

coupling  of  the  corresponding  gaussian  beams 
according  to  Fig.  1  are  given  by 

-  |  ( 2 i+1 ) >I>  -  sin-1(n  sinij  )  -  sin'l(n  sin'Fj)! 

=  |[(2i+l)-n]#|  ,  i  -  0,1  (3) 

where  the  refractive  index  of  air  has  been  set  to 
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The  transverse  offset  x0 ,y0  and  the  axial  offset 
z0  is  determined  by  solving  the  simple  geometrical 
problem  for  the  coupling  of  the  directly 
transmitted  and  2-fold  reflected  beam  of  fiber  1 
with  the  exited  beam  of  fiber  2  (Fig.  1.  2). 


Experimental  Verification 

High  resolution  measurements  of  the  coupling 
efficiency  were  made  as  a  function  of  the  gap 
width  for  varying  end  angles  tf.  To  eliminate  the 
influence  of  the  azimuthal  orientation  of  the 
fiber  ends  an  end  face  perpendicular  to  the  fiber 
axis  was  used  for  the  transmitting  fiber  1 
(¥,<0.1°).  The  end  angles  were  measured  with  an 
error  of  less  than  0.1°  using  a  Mireau- 
Interferome ter . 


Fig.  3  Measured  loss  of  a  single-mode  fiber 
air  splice  vs.  the  gap  width  d  for 
total  tilt  angles  tf=0.1°  (a),  tf=3.9° 

and  #=5.5°  using  a  quasi -monochromatic 
light  source  (A-1.3  jum,  AA=4  nm) 


Fig.  3  reveals  the  measured  loss  of  a  single-mode 
fiber  air  splice  for  two  identical  fibers 
(wi“W2=4.98  pm)  vs.  the  end  face  separation  d 
(Fig.  1)  for  different  total  tilt  angles.  White 
light  and  a  monochromator  was  used  as  a  narrow 
bandwidth  light  source  (A-1.3  pm,  AA=4  nm)  .  The 
observed  period  length  is  half  the  operating 
wavelength.  Fig.  4  shows  the  results  for  a 
broadband  light  source.  For  this  an  edge-emitting 
LED  with  a  center  wavelength  of  1.293  pm  and  a 
spectral  half  width  of  71  nm  was  used.  It  should 
be  noted  that  the  slight  decrease  in  the 
oscillation  amplitude  with  increasing  gap  width  in 
Fig.  3  is  due  to  diffraction  of  the  radiated 
fundamental  mode.  In  contrast  the  decrease  in 
oscillation  in  Fig.  4  is  mainly  caused  by  th<* 
small  coherence  length  of  the  LED  (lc=24  pm)  .  A 
large  number  of  experiments  was  carried  out  for 
end  angles  covering  the  range  from  0n  to  10° .  The 
peak- to-peak  (p-p)  amplitude  was  determined  using 
the  3rd  and  4th  extremum  of  the  coupling 


Gap  Width  /  \j  m 


Fig.  4  Measured  loss  of  a  single-mode  fiber 
air  splice  vs.  the  gap  width  d  for 
total  tilt  angles  ¥-0.1°  (a),  *t=3.9° 

and  #-5.5°  using  an  edge -emitting  LED 
(A-1.293  pm,  AA-71  nm) 


efficiency  or  the  loss  of  the  air  splice  before 
the  point  of  contact.  As  can  be  seen  from  Fig.  3 
the  short  coherence  length  of  the  LED  results  in  a 
stronger  decrease  of  the  p-p  oscillation  amplitude 
as  compared  to  the  narrow  bandwidth  source.  The 
solid  curve  represents  the  calculated  p-p 
amplitude  for  monochromatic  light  and  shows  good 
agreement  with  the  measured  results  for  the  narrow 
bandwidth  light  source. 
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Fig.  5  Peak-to-peak  (p-p)  oscillation  ampli¬ 
tude  of  the  air  gap  loss  vs.  the  total 
tilt  angle 

—  theoretically  calculated  for  mono¬ 
chromatic  light  (A=1.3  pm) 
o  measured  using  a  quas i -monochro - 
matic  light  source  (A-1.3  pm, 
AA-4  nm) 

x  measured  using  an  edge -emitting 
LED  (A-1.293  pm,  AA-71  nm) 
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Application 

As  raentionend  above  the  loss  of  an  arc -fas  ion 
splice  can  be  estimated  using  the  "air  gap  method" 
by  measuring  the  transmitted  power  levels  Pb  and 
Pa  before  and  after  the  fusion  process  e.g  by 
means  of  a  LID  system.  It  is  a  prerequisite  for 
high  precision  loss  estimation  to  measure  the 
power  levels  at  the  operating  wavelength  of  the 
fiber  link  since  there  is  no  strict  relation-ship 
between  the  losses  at  different  wavelengths . 
Particularly  LID  systems  operating  at  850  nm  are 
not  appropriate  for  precision  loss  estimation. 
Therefore  a  LID  system  at  1.3  /^m  has  been  built 
into  a  microprocessor  controlled  fusion  splicer 
which  is  the  basis  for  the  successful  imple¬ 
mentation  of  the  "air  gap  method". 

Since  the  relative  power  level  Pb  begins  to 
oscillate  for  gap  widths  below  half  the  coherence 
length  of  the  LED  the  best  way  to  measure  Pb  is  to 
average  the  data  over  a  certain  number  of  periods 
at  a  gap  width  of  some  microns.  As  can  be  seen 
from  eq.  (2)  this  is  equivalent  to  neglecting  the 
interference  term,  i.e  Pb  measured  in  this  way  is 
equal  to  the  power  level  that  would  be  measured  in 
case  of  completely  incoherent  light.  For  this  case 
Fig.  6  shows  the  loss  of  a  single-mode  fiber  air 


Fig.  6  Measured  (o)  and  theoretical  ( — )  loss 
of  a  single-mode  fiber  air  splice  vs. 
the  total  tilt  angle  #  for  a  gap  width 
d-0  neglecting  the  interference  effect 


movement  of  the  fiber  ends  has  to  be  performed.  To 
measure  the  oscillation  amplitude  with  an  error  of 
less  than  0.02  dB  a  resolution  better  than  50  nm 
is  required  which  is  achieved  by  using  a  piezo 
driven  z  axis.  Fig.  5  shows  that  the  oscillation 
amplitude  for  total  tilt  angles  #<1.6°  is  greater 
than  0.30  dB.  In  this  way  the  fusion  splicer  is 
able  to  perform  an  automatic  check  of  the  end  face 
quality  of  the  fibers  to  be  spliced.  This 
guarantees  a  maximum  splice  loss  estimation  error 
of  +/-  0.05  dB  and  an  increase  in  splice  loss 
caused  by  unsatisfactorily  prepared  fiber  ends  is 
avoided. 
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Fig.  7  Correlation  between  estimated  and 
measured  splice  loss  using  the  "air 
gap  method" 


Fig.  7  shows  the  correlation  between  the  estimated 
and  measured  splice  loss  using  the  "air  gap 
method".  The  data  points  which  are  out  of  the  +/- 
0.05  dB  tolerance  (h)  were  achieved  by  splicing 
fiber  ends  with  total  tilt  angles  ¥>1.6°.  Almost 
all  these  data  points  were  detected  using  the 
proposed  oscillation  amplitude  criterion.  It  must 
be  mentioned  that  the  data  points  which  show  good 
correlation  and  high  splice  loss  were  intention¬ 
ally  produced  by  using  inadequate  fusing 
parameters  to  show  the  good  correlation  over  the 
whole  loss  range. 


Conclusion 


splice  vs.  the  total  tilt  angle  where  P0  is  the 
relative  power  just  before  the  splice  /  2/.  For 
ideal  end  faces  (^=0)  the  loss  of  an  air  splice  is 
0.30  dB.  It  is  evident  from  Fig.  6  and  eq .  (1) 
that  the  loss  of  a  fusion  splice  can  be  estimated 
with  an  error  of  +/-  0.05  dB  if  ab  is  set  to  0.35 
dB  and  Pb  is  measured  in  the  way  explained  above 
where  only  total  tilt  angles  less  than  1.6°  are 
permitted.  Therefore  the  operator  has  to  decide 
whether  the  end  faces  meet  this  requirement. 

Our  solution  to  this  problem  is  to  measure  the  p-p 
oscillation  amplitude  whiLe  aligning  the  fibers  in 
axial  direction.  For  this  a  high  resolution  axial 


A  new  method  for  measuring  the  mutual  end  face 
tilt  in  a  single-mode  fiber  air  splice  is  theo¬ 
retically  derived  and  experimentally  verified.  A 
practical  criterion  is  proposed  in  order  to 
provide  accurate  splice  loss  estimation  using  the 
"air  gap  method".  This  concept  has  been 
successfully  implemented  in  a  microprocessor 
controlled  fusion  splicer  and  guarantees  a  maximum 
splice  loss  estimation  error  of  +/-  0.05  dB. 
Furthermore  an  increase  in  splice  loss  caused  by 
end  face  tilts  is  avoided  and  the  automatical  ly 
performed  end  face  check  makes  the  splice  results 
even  more  independent  of  the  operator's 
carefulness . 
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ABSTRACT 

Fiber  optic  cables  are  measured  for  attenuation  at  various 
wavelengths  using  spectral  attenuation  measurement  equip¬ 
ment  designed  for  laboratory  use  These  systems  can  be 
quite  large,  highly  sophisticated,  and  require  critical  align¬ 
ment  procedures  making  them  essentially  non-transportable 
If  relocated,  then  extreme  care  must  be  taken  with  respect  to 
alignment  of  optics,  temperature  conditions  and  other 
environmental  and  mechanical  factors  which  could  influence 
the  accuracy  of  subsequent  measurements.  However,  there  is 
often  a  need  to  make  attenuation  measurements  in  the  field 
on  fiber  optic  cable  which  IS  about  to  be  installed  or  which 
has  already  been  placed.  An  Automated  Field  Spectral 
Attenuation  Measurement  System  has  been  developed  which 
is  capatle  of  measuring  spectral  attenuation  of  installed  or 
on-reel  fiber  optic  cable  for  wavelengths  from  850  nm  lo  1700 
nm  with  equal  accuracy.  In  addition,  the  unit  can  measure 
pre-connectorized  or  bare  fiber.  The  system  is  small,  quite 
portable  and  can  be  easily  carried  and  operated  by  a  single 
person.  It  utilizes  a  tungsten  halogen  bulb  as  a  light  source 
instead  of  lasers,  thereby  significantly  reducing  its  cost  At 
the  same  time,  it  maintains  a  high  measurement  accuracy 
without  laborious  calibrations  or  optical  alignments  after  relo¬ 
cation.  and  does  not  require  expensive  environmental  condi¬ 
tioning  units  for  reliable  operation 


INTRODUCTION 

The  measurement  parameters  of  an  installed  fiber  optic 
cable/link  are  dictated  by  the  need  for  the  measurements  and 
include  post-installation  checks,  routine  system  maintenance 
and  troubleshooting  transmission  problems  due  to  attenu¬ 
ation  increases.  Attenuation  increases  may  be  caused  by 
hydrogen  absorption,  microbending  or  macrobending  effects 
and  point  defects  or  damage  to  the  cables  incurred  during 
installation,  to  name  a  few  In  solving  transmission  problems, 
spectral  attenuation  studies  are  preferred,  as  it  is  difficult  to 
differentiate  among  potential  problems  when  the  measure¬ 
ments  are  made  at  a  limited  set  of  discrete  wavelengths. 
Field  spectral  attenuation  studies  require  measurement 
equipment  capable  of  generating  and  measuring  a  broad 
range  of  wavelengths 

Multiple  wavelength  attenuation  measurement  devices  have 
traditionally  been  complicated,  cumbersome  and  costly  units 
Most  commercially  available  units  contain  multiple  lasers 


■  which  multiplies  the  cost  by  the  number  of  wavelengths 
oeing  measured)  or  else  contain  optical  components  requn 
ing  critical  alignment  and  tightly  controlled  environmental 
conditions  with  respect  to  temperature  and  humidity  fluc¬ 
tuations.  Most  of  these  units,  by  virtue  of  their  complexity,  are 
essentially  non-transportable. 

This  paper  describes  a  field  spectral  attenuation  measure¬ 
ment  device  developed  at  Siecor  R.D&E.  It  is  capable  of 
making  spectral  attenuation  measurements  on  installed  op 
tical  fiber  cables.  The  unit  Is  small  and  portable,  completely 
automated  by  virtue  of  a  hand-held  computer,  and  needs  no 
special  handling,  even  after  transporting  to  the  field  site  The 
system  is  capable  of  accurate  and  repeatable  measurements 
comparable  to  those  recorded  under  laboratory  conditions  or 
by  the  much  larger  attenuation  measurement  units  discussed 
previously  There  are  no  requirements  for  specific  controlled 
environments,  eliminating  the  need  for  air-conditioned  vans  at 
the  test  site 


SYSTEM 

The  system  is  designed  primarily  for  evaluation  of  relative 
rather  than  absolute  spectral  attenuation.  Absolute  attenu¬ 
ation  at  any  wavelength  may  be  calculated  using  one  OTDR 
measurement  at  1300  nm.  The  system  measures  by  insertion 
loss  technique;  however,  if  bare  fibers  are  being  measured, 
cutback  technique  is  easily  possible  with  this  unit. 

The  system  consists  of  two  separable  sections  a  source  unit 
and  a  receive  unit  The  spectral  attenuation  of  an  installed 
cable  or  fiber  section  between  two  separate  locations  is 
measured  without  needing  a  fiber  loop-back  at  the  remote 
end  The  units  are  capable  of  coupling  and/or  receiving  light 
from  either  a  bare  fiber  or  a  connectorized  fiber  (as  in  in¬ 
stalled  systems). 

The  schematic  of  the  complete  system  ( source  and  receive 
jnits)  is  depicted  in  Figure  1  The  SO'  oe  unit  consists  of  a  to 
watt  tungsten-halogen  lamp  (white  light)  mounted  in  a  Kohler 
optic  configuration  along  with  a  long-pass  filter  and  lenses  for 
focusing  the  light  onto  the  launch-end  pigtail  or  fiber  The 
receive-end  is  completely  automated  The  receive  pigtail  or 
fiber  enters  a  Spex  monochromator  which  not  only  splits  the 
incoming  signal  into  various  wavelengths,  but  also  converts 
the  incoming  DC  light  into  an  AC  signal  The  AC  light  is  then 
'ed  into  an  InGaAsP  photodiode  and  further  amplified  usirg  a 
synchronous  detection  amplifier  The  monochromator,  mo 
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synchronous  detection  amplifier  and  a  3.25  inch  Disc  Drive 
are  all  hooked  to  a  computer  via  an  HPIL  loop. 

Automation  of  the  field  unit  is  made  possible  by  a  hand  held 
Hewlett  Packard  71 B  computer.  The  data  is  stored  in  an 
ASCII  format  on  a  diskette  and  can  be  retrieved  later  and 
analyzed  by  any  computer  having  an  IEEE  488  or  RS  232 
interface. 

The  field  unit  itself  has  limited  comouting  caoabilitv  and 
writes  all  the  data  to  a  floppy  disk  Field  computations  are 
limited  to  attenuation  at  specified  wavelengths;  however,  a 
bigger  computer  (i.e.,  HP  9816  or  IBM  PC)  can  easily  retrieve 
and  analyze  the  data  and  graph  the  spectral  curves 


MEASUREMENT  TECHNIQUE 

Although  the  unit  is  capable  of  operating  over  a  broad  range 
of  wavelengths  from  850  nm  to  1700  nm  in  steps  as  small  as 
2  nm,  It  is  normally  programmed  for  1000  nm  to  1700  nm  in 
increments  of  10  nm 

Before  starting  measurements  each  day.  the  source  pigtail  is 
connected  to  the  receive  pigtail  using  a  short  jumper  pigtail 
of  a  similar  fiber  type.  This  forms  the  reference  system.  The 
reference  system  has  the  same  number  of  mechanical  con¬ 
nectors  in  the  loop  as  the  final  Installed  system  (not  Including 
the  splices/connectors  used  to  make  up  the  installed  system) 
A  spectral  scan  of  the  reference  pigtail/tiber  is  made  and 
stored  on  the  diskette  for  later  analysis.  The  source  unit  is 
then  moved  to  the  remote  location  housing  the  launch  end  of 
the  cable  system  under  evaluation  Once  the  transmitting  and 
receiving  electronics  are  hooked  onto  the  transmit  and  re¬ 
ceive  ends  of  the  cable,  the  computer  performs  another 
spectral  scan  of  the  system  and  stores  the  scan  on  the  com¬ 
puter  diskette.  The  transmitter  can  then  be  moved  to  the 
second  system  and  so  on. 

After  the  final  measurements  or  at  end  of  the  day,  the 
transmitter  is  moved  back  to  the  receive  end  where  a  second 
reference  scan  is  made.  The  two  reference  scans  are  then 
compared  to  evaluate  any  drifts  in  the  launch  optics  lor  which 
the  analysis  of  the  measurements  can  later  compensate 
Spectral  attenuation  values  at  1300,  1550  and  1650  nm  can 
be  calculated  and  displayed  on  the  spot  using  the  HP  71 B. 

Since  the  data  is  on  the  diskette  and  is  in  a  format  that  is 
easily  accessible:  data  analysis,  graphing,  etc  may  be  per¬ 
formed  later  with  any  microcomputer  or  PC  (e  g  HP  9816  or 
IBM  PS/2). 

SYSTEM  EVALUATION 

The  system  has  been  successfully  used  at  various  field  loca¬ 
tions.  A  sample  measurement  is  presented  in  Figure  2.  It  has 
been  noted  that  variability  over  a  four-hour  period  is  well 
below  0.04  dB.  which  translates  to  less  than  0.004  dB/Km  for 
a  10  Km  span.  This  variability  is  highly  dependent  on  the 
types  of  connectors  used  in  the  system 

A  curve  depicting  the  drift  in  the  reference  scans  obtained  by 
the  field  unit  from  morning  to  evening  is  shown  in  Figure  3. 

The  measurement  system  offers  a  high  dynamic  range  of  35 
dB  for  multimode  optical  fibers  and  32  dB  for  single-mode 
fibers.  The  accuracy  of  the  relative  attenuation  values  is 
better  than  v  02  dB/Km  If  a  cutback  technique  is  used  for 
bare  fibers,  the  absolute  accuracy  of  the  system  is  better 
than  +/-  0.02  dB/Km.  The  automation  of  the  spectral  system 


makes  it  relatively  operator-independent  and  greatly  reduces 
measurement  time  A  typical  spectral  scan  from  1000  nm  to 
1700  nm  in  steps  of  10  nm  requires  less  than  10  minutes 


SUMMARY 

A  field  spectral  attenuation  measurement  sy'  n  i">s  b“en 
developed  at  Siecor  R.D&E  which  is  capable  of  accurately 
measuring  spectral  attenuation  of  installed  optical  fiber 
cables  with  connectorized  or  bare  fiber  ends  The  system  is 
portable  and  does  not  require  special  environmental  condi¬ 
tions  or  on-site  alignment  of  optics.  The  unit  does  not  require 
a  skilled  operator  or  any  special  precautions  during  its 
operation. 
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Fig.  I.  Schematic  of  Automated  Field  Spectral  Unit 
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Figure  3:  Comparison  of  Morning  and  Evening  Reference  Scans 
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ABSTRACT 


The  cable  described  is  made  up  of  8 
S.M.  optical  fibers  10/125  with  attenu¬ 
ation  0.37  dB/km  and  Modal  Dispersion 
^  3.5  ps/km. nm,  both  parameters  in  1330 
nm  window.  The  remaining  characteris tics 
in  the  fiber  are  in  accordance  with 
the  limits  established  by  the  CCITT 
G.652  Recommendation. 

The  cable  consists  of  a  central  strength 
member  suitably  created  so  as  to  prevent 
kinking. 

The  optical  fibers  are  loose  in  tubes 
(T  fiber  per  tube).  These  tubes,  or 
fiber  buffer,  are  filled  with  a  thysotro- 
pic  compound. 

A  detailed  description  is  given  regarding 
cable  design,  characteristics  of  the 
materials  used,  as  well  as  all  the  tests 
made  in  the  cable  plus  the  results. 


1 ■  INTRODUCTION 

During  the  last  ten  years,  the  development 
and  progress  in  Optical  Communication 
Technology  and  the  parallel  evolution 
in  microelectronics,  have  made  it  possible 
to  have  at  our  disposal  communication 
systems  of  great  capacity  and  reliability. 
Because  of  their  enormous  technical, 
economic  and  social  repercussions,  these 
systems  constitute  the  great  technological 
challenge  of  our  times.  An  important 
factor  in  this  technological  panorama 
is  the  means  of  transmission,  in  other 
words  the  Optical  Fiber  Cable. 

There  are,  at  the  moment,  thousands 
of  kilometres  of  optical  fiber  cables 
being  used  all  over  the  world.  All  of 
them  are  functioning  very  well,  all 
of  them  were  designed  to  withstand  any 
kind  of  installation  and  future  mainten¬ 
ance  . 

After  the  problem  of  the  increase  in 
attenuation  of  aged  fibers  arose,  due 


to  the  absorption  of  Hj,  and  the  causes 
of  the  generation  of  H2  verified,  the 
fiber  manufacturers  as  well  as  cable 
manufacturers  very  quicky  eliminated 
the  sources  of  generation  of  H2  from 
their  caDles .  xn  the  subject  which  inter¬ 
ests  us,  ie.  cables,  it  has  been  demon¬ 
strated  how  metals,  aluminium,  steel 
and  above  all,  a  combination  of  them, 
is  a  high  factor  of  risk.  Traditionally 
however,  the  above  mentioned  metals 
have  been  the  base  for  designing  cable 
of  high  mechanical  properties. 

The  aim  of  this  paper  is  to  prevent 
a  wholly  dielectric  monomode  opt-ical 
fiber  cable  which  possesses  mechanical 
properties  comparable  to  those  of  conven¬ 
tional  cables  with  metallic  protection. 
Among  the  different  designs  of  present 
day  optical  fiber  cables,  such  as  the 
slotted  cable,  ribbon  type  cable  or 
cables  with  a  central  strength  member 
around  which  fibers  are  stranded  -tight, 
loose  or  bundle  coated-  Spanish  manufac¬ 
turers  opted  for  the  latter  design: 
ie.  central  strength  member  with  fibers 
stranded  around  it.  Obviously,  if  circum¬ 
stances  were  to  require  it  the  possibility 
of  manufacturing  any  other  type  of  cable 
is  always  possible,  since  each  design 
has  its  pros  and  cons,  according  to 
the  conditions  of  installation  and  future 
service  required. 


2.  CABLE  DESIGN 

In  Figure  1  the  transversal  section 
of  the  cable  is  shown.  As  can  be  seen, 
the  cable  is  made  up  of  the  following 
materials : 


CENTRAL  STRENGTH  MEMBER 

Rod  of  reinforcing  fibers  of  strictly 
unidirectional  orientation  combined 
with  thermosetting  epoxy  resin.  Aprox. 
83  %  by  wt.  high  modulus  glass  and  17 
%  by  wt.  epoxy  resin. 
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WRAPPING  TAPES 


10 


At  the  same  time  as  the  stranding  oper¬ 
ation,  two  polyester-polyuretane-polyester 
tapes  are  wrapped  around  the  core  and 
are  laid  helicoidally  and  overlapped. 
These  tapes,  as  well  as  acting  as  a 
thermal  barrier,  also  absorb,  and  prevent 
the  transmission  of  the  kinking  of  the 
polyethylene  of  the  coatings  to  the 
fiber  core,  which  takes  place  both  when 
the  coatings  are  applied  and  later  on, 
due  to  temperature  changes. 

These  tapes,  together  with  the  central 
strength  member,  act  as  anti-kinkers 
for  the  fiber  core. 


Fig.  1:  TRANSVERSAL  SECTION 


PRIMARY  COATING 


1  Central  strength  member 

2  Coating  of  C.S.M. 

3  Loose  tubes 

4  Optical  fibers 
5,6  Filling  compound 


Wrapping  tapes 
Low  density  PE 
Aramid  fibers 
High  density  PE 


CENTRAL  MEMBER  COATING 

Low  density  polyethylene.  This  coating 
is  applied  so  as  to  increase  the  diameter 
of  the  central  strength  member  to  the 
size  necessary  so  that  in  the  stranding 
operation,  the  loose  _i’hes  which  contain 
the  fibers  will  adapt  to  u,  owing  to 
the  high  cost  of  the  tensile  strength 
members,  the  one  which  complies  with 
the  mechanical  properties  required  is 
used  and  is  coated  with  polyethylene 
until  it  possesses  the  diameter  required 
by  the  loose  tubes.  Financially,  the 
cost  of  coating  a  smaller  diameter  tensile 
strength  member  is  lower  than  the  cost 
of  not  having  to  coat  a  tensile  strength 
member  which  has  a  diameter  larger  than 
necessary . 


LOOSE  TUBES 

Eight  polyester  tubes  are  stranded  around 
the  central  strength  member.  Inside 
each  tube  there  is  an  optical  fiber, 
with  its  corresponding  overlength.  Inside 
the  tube  there  is  a  filling  compound, 
which  is  put  into  it  together  with  the 
fiber,  during  the  loose  tube  extrusion 
process . 


FILLING  COMPOUND 


During  stranding,  the  empty  spaces  between 
tubes  and  also  those  between  the  tubes 
and  the  central  strength  member,  are 
filled  with  a  compound  which  prevents 
the  penetration  and/or  circulation  of 
water  into  the  core  if  the  coating  suf¬ 
fered  a  breakage. 


Layer  of  low  density  extruded  polyethyle¬ 
ne  . 


MECHANICAL  PROTECTION 

Two  layers  of  aramid  fibers,  laid  helicoi¬ 
dally  from  right  to  left  and  from  left 
to  right,  are  applied  over  the  primary 
polyethylene  coating.  Each  one  of  the 
layers  completely  covers  the  surface 
being  coated.  These  fibers,  as  well 
as  withstanding  tensile  loads,  ara  calcu¬ 
lated  to  act  as  longitudinal  mechanical 
protection,  above  all  for  aerial  cables 
which  require  high  shot  gun  resistance. 

FINAL  COATING 

A  layer  of  high  density  xtruded  poly¬ 
ethylene  . 

3.  PROPERTIES  OF  THE  OPTICAL  FIBER 
MATERIALS 

Up  till  now  the  optical  fibers  used 
for  telecommunications  have  not  been 
manufactured  in  Spain,  therefore  imported 
fibers  are  used  for  all  cables. 

The  fibers  used  for  the  cable  under 
discussion  were  manufactured  following 
the  VAD  method. 

The  properties  which  this  fiber  possesses 
are  as  follows  (Table  1). 

As  mentioned  before  each  of  these  fibers 
was  inserted  into  a  loose  tube  together 
with  the  filling  compound.  The  properties 
possessed  by  the  loose  tubes  and  filling 
compound  are  shown  in  Table  2. 

The  extrusion  line  used  to  manufacture 
the  loose  tube  allows  the  fiber  to  be 
inserted  with  enough  overlength  to  absorb 
the  tensions  caused  during  the  unwinding 
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TABLE  2 


of  the  tube  or  those  caused  by  changes 
of  temperature.  In  this  case  the  over- 


length  given 
0.6  %. 

to  the 

fiber 

was  around 

The  filling 

compound 

inside 

the  tubes. 

the  viscosity  and 

platic 

properties 

of  which  are  shown  in  Table  2,  is  a 
soft  jelly,  based  on  suitable  formulas 
of  Si02  and  synthetic  oils  free  from 
scattered  hydrogens. 


TABLA  1 


OPTICAL  FIBERS  PROPERTIES 

OPTICAL 

PROPERTIES  Attenuation  at  1330  nm 
(dB/km) 

Attenuation  over  range 
1285-1330  nm  (dB/km) 

Attenuation  at  1550  nm 
(dB/km) 

Attenuation  over  range 
1475-1575  nm  (dB/km) 

Mode-field  diameter 
(/jm) 

Cut-off  wavelength 
(nm) 

Dispersion  (ps/nm.km) 
1285  -  1330  nm 
1270  -  1350  nm 
1550  nm 


PROPERTIES  OF  THE  LOOSE  TUBES 
AND  FILLING  COMPOUND 

LOOSE  TUBES 


Material:  Polybuthyl- 

ene-Terephta late  (PBTP) 

Inner  diameter 

mm 

0.90  +  0.02 

Outer  diameter 

mm 

1.80  +  0.02 

Tensile  strength 

kg/mm- 

-  4 

Elasticity  modulus 

kg /mm ^ 

_  210 

Thermal  exp.  coefficient 

QK-1 

10'4 

Filling  compound: 

-  Haake  viscosity 

P 

500  -  800  at  -302C 

P 

15  75  at  +70SC 

-  Plasticity 

drrtm 

200  -  269  at  -30 ®C 

dmm 

300  -  360  at  +702C 

STRANDING  MATERIALS 

The  eight  tubes  containing  the  optical 
fibers  are  stranded  around  the  central 
strength  member  with  a  130  mm  coil  lay. 
The  whole  is  filled  with  a  filling  com¬ 
pound  similar  to  that  used  for  the  filling 
of  the  inside  of  the  loose  tubes.  The 
stranding  machine  then  wraps  the  coie 
with  two  tapes,  laid  in  tight  coils 
or  loops  and  overlapped. 


0.37 

-  0.40 

-  0.25 

r  0.30 

9.75  +  0.5 

1180  -  1280 

3.5 

6.0 

19.0 


GEOMETRICAL 

PROPERTIES  Reference  surface  125  +  2 

diameter  (yum) 


The  properties  possessed  by  the  central 
strength  member  and  by  the  wrapping 
tapes  are  shown  in  Tables  3  and  4. 


MECHANICAL 

PROPERTIES 


Glass  concentricity 
error  (yum) 

0.8 

Median  0.4 

TABLE 

_3 

Glass  non-circularity  (%) 

PROPERTIES  OF  THE 

CENTRAL 

MEMBER 

Core 

6 

Reference  surface 

2 

CENTRAL  "TRENCTH  MEMBER 

Coating  diameter  (jum) 

Primary 

205  +  15 

Material:  Glass  epoxy  resin 

Ove i  a  L 1 

250  +  15 

Diameter 

mm 

2.20  +  0.07 

Coating  concentricity 
error  (7,) 

10 

We  i g t h  per  m 

g 

7.7 

Coating  non-c i rcu lar i ty 

11 

Strength  at  0.5  X  elongation  N 

1.210 

(70 

Breaking  load 

N 

10,200 

Minimum  bending  radius  at 

1  7o  edge  strain 

mm 

110 

Bend  test  (60  mm 

0.01 

Elasticity  modulus 

N/mm^ 

60,000 

diameter  mandrel,  100 
turns,  loss  at  1550  nm 

Tensile  strength 

N/njm^ 

2,  300 

in  dB/m) 

Elongation  at  break 

7 

3.4 

Proof  test  (%) 

0.75 

Thermal  exp.  coefficient 

ec‘  1 

4.4  x  10‘6 
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TABLE  4 


TABLE  5 


PROPERTIES  OF  WRAPPING  TAPES 

WRAPPING  TAPES 

Material:  Foam  polyurethane  coated  with 

polyester  in  the  two  sides 

Thickness 

-  Foam  polyurethane  mm  0.4  -  0.6 

-  Polyester  tapes  mm  12+1  each 

Weight  g/m^  60  -  65 

Breaking  load  N  ^45 

Elongation  at  break  7„  ^-40 

Thermal  conductivity  W  ra'^  OK"l  0.040 


SHEATING  MATERIALS 

Our  aim  was  to  develop  a  totally  die¬ 
lectric  optical  fiber  cable  with  mechan¬ 
ical  properties  comparable  to  conventional 
cables  with  metallic  protection.  The 
coating  was,  therefore,  a  decisive  factor 
in  the  cable  design. 

Several  prototypes  were  made  and  then 
underwent  both  shot  gun  and  temperature 
tests.  As  will  be  seen  later  on  the  tests 
demonstrated  that  the  cable  which  dis¬ 
played  the  mechanical  resistance  required, 
has  a  double  coating  of  polyethylene 
with  a  reinforcement  of  fibers  between 
the  two  coats  and  is,  therefore,  the 
one  being  presented.  The  first  layer 
of  PE,  laid  over  the  cable  core,  was 
extruded  black,  low  density  PE,  with 
0.8  mm  radial  thickness.  The  outside 
layer  of  PE,  also  black  plus  extruded 
was  of  high  density. 

The  reason  for  using  high  density  PE 
for  the  outer  coating  is  because  when 
it  is  a  question  of  installations  in 
subducts,  as  these  are  of  high  density 
PE,  the  friction  coefficient  between 
duct  and  cable  is  better  when  both  of 
them  -duct  and  cable-  possess  high  den¬ 
sity,  than  when  the  duct  has  high  density 
but  the  cable  possesses  low  density. 

Between  the  outer  and  inner  PE  coatings 
mechanical  protection  was  applied.  This 
protection  consists  of  two  layers  of 
aramid  fibers  laid  helicoidally ,  first 
around  from  right  to  left  then  around 
from  left  to  right.  In  this  way  the 
surface  of  the  cable  is  completely  and 
totally  covered. 

The  properties  of  these  fibers  are  shown 
in  Table  5. 


MECHANICAL  PROTECTION  OF  THE  COATING 
PROPERTIES 


Material:  Aromatic  polyamide  fibers 


No.  of  yarn 

24  per  laye 
Total  48 

Characteristics  of 
each  yarn 

-  Weight  of  10  km 

(g)  dtex 

1580 

-  Yarn  dia. 

mm 

0.45 

-  Fill  factor 

7. 

70 

Breaking  strength  min. 

N 

280 

ave . 

N 

330 

Tensile  strength 

N/mm^ 

2,650 

Young  modulus 

N/mm^ 

127,500 

Elongation  at  break 

X 

2.4 

Density 

g/cm* 

1.45 

4 .  LABORATORY  TEST 


PERFORMANCE  OF  SINGLE  MODE  FIBERS  IN 
HYDROGEN. 


According  to  the  data  and  studies  carried 
out  by  the  fiber  manufacturer-supplier, 
single  mode  fiber  contains  no  phosphorous 
dopants.  Results  after  an  exposure  of 
16,775  hours  (nearly  2  years)  in  0.25 
atmospheres  of  hydrogen  are  shown  in 
Figure  2. 

The  total  attenuation  increase  due  to 
interstitial  and  permanent  effects  after 
25  years  at  the  above  hydrogen  partial 
pressure,  and  a  temperature  range  of 
-10OC  to  +  30°C  is  predicted  to  be  less 
than  0.003  dB/km  over  the  wavelength 
range  1275  nm  -  1325  nm  and  0.006  dB/km 

over  the  wavelength  range  1525  nm-1575 

nm.  These  very  small  attenuation  effects 
are  not  expected  to  affect  system  per¬ 
formances  over  the  fiber  lifetime  but 
can,  if  necessary,  be  included  in  system 
budget  calculations. 

In  our  laboratory  a  cable  was  put  into 
a  climatic  device  at  120QC  in  the  fol¬ 
lowing  way:  so  as  to  bring  about  the 
generation  of  H2  a  length  of  30  m  was 
put  into  an  aluminium  pipe.  We  kept 
a  continuous  control  of  the  attenuation 
at  1300  nm.  During  the  30  days'test 
no  variation  in  the  initial  values  of 
fiber  attenuation  was  observed. 
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Fig.  2:  PERFORMANCE  OF  SINGLE-MODE  FIBERS  IN  HYDROCEN 


SHOT  GUN  RESISTANCE  TEST 

Another  issue  dealt  with  in  this  study 
was  shot  gun  resistance.  We  wanted  to 
develop  a  design  which  could  be  used 
for  aerial  cables.  The  test  was  designed 
to  evaluate  the  effects  of  shot  gun 
blasts.  The  cables  used  as  targets  were 
approximately  50  cm  long  with  a  13.3 
mm  outer  diameter.  A  12  gauge  shot  gun 
was  used  to  fire  at  the  cables  as  this 
appears  to  be  the  most  powerful  shot 

gun  used  by  the  majority  of  hunters. 
The  shot  gun  loads  fired  in  each  test 
1  1/4  oz  No.  4  (1  1/4  oz  weight  of  the 

pellets  in  a  cartridge).  Shots  were 

fired  from  distances  of  8,  15,  20,  25 

and  30  m,  and  the  5  cables  (one  for 

each  distance)  were  mounted  on  a  wooden 
frame  ie.  the  target.  The  results  of 
the  tests  are  shown  in  the  Table  6. 


TABLE  6 

SHOT  GUN  RESISTANCE  TESTS 


Location  of  pellet 
No.  of  _ in  cable 


Distance 

(m) 

pellets 

hitting 

target 

In 

outer 

PE 

In 

aramid 
f ibers 

In 

inner 

PE 

In 

f  iber 

core 

8 

17 

4 

10 

3 

- 

15 

12 

i 

9 

2 

- 

20 

10 

- 

10 

- 

- 

25 

7 

2 

5 

- 

- 

30 

5 

i 

4 

_ 

Since  it  is  highly  improbable  that  aerial 
cable  would  be  installed  at  less  than 
8  m  from  the  ground,  tests  at  distances 
of  less  than  8  m  were  not  carried  out. 
It  is  obvious,  however,  that  the  best 
way  to  protect  aerial  cables  from  shot 
gun  blasts  at  distances  of  less  than 
8  m,  would  be  by  increasing  the  amount 
of  aramid  fibers,  a  very  expensive  sol¬ 
ution  which  should  only  be  applied  when 
absolutely  necessary. 


THERMIC  CYCLES 

This  test  allowed  us  to  study  the  behav¬ 
iour  of  the  cable  in  temperatures  ranging 
from  -2  0CC  to  +60oc.  The  cable  was  put 
into  a  climatic  device  and  tested  using 
the  following  thermic  cycle  (Figure 


The  attenuation  at  1300  nm  of  each  one 
of  the  fibers  was  tested  at  20cc.  Then 
the  temperature  was  raised  to  60QC, 
reached  in  40  minutes.  The  climatic 
device  was  kept  at  60oc  for  12  hours, 
enough  time  for  the  whole  cable  to  reach 
this  temperature.  At  the  end  of  the 
12  hours  the  fibers  were  measured  again. 
After  measuring  the  fibers  the  temperature 
was  lowered  to  -202(3,  reached  in  90 
minutes.  The  climatic  device  was  left 
at  -200C  for  12  hours,  at  the  end  of 
which  time  the  attenuation  of  the  8 
fibers  was  measured  again.  Then  the 
temperature  of  the  climatic  device  was 
raised  to  20^c  again.  After  the  cable 
had  been  subjected  to  this  temperature 
for  3  hours,  the  attenuation  tests  were 
carried  out  again. 
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o  TEST  POINTS 
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Fig.  3:  THERMIC  CYCLES 


The  whole  cycle  was  repeated  a  second 
time.  There  were  no  significative  vari¬ 
ations  in  fiber  attenuation  in  any  of 
the  partial  measurements  nor  at  the 
end  of  the  cycle. 


FINAL  PROPERTIES  OF  THE  CABLE 

Besides  the  properties,  already  shown, 
of  all  the  materials  which  make  up  the 
cable  and  the  results  of  the  specific 
tests  carried  out,  the  following  general 
properties  of  the  cable  can  be  added: 


5 .  CONCLUSIONS 

We  have  presented  a  totally  dielectric 
monomode  optical  fiber  cable  which  pos¬ 
sesses  mechanical  properties  comparable 
to  those  of  conventional  cables  with 
metallic  protection  and  strength  members. 

It  is  our  intention  to  obtain  the  homo¬ 
logation  of  this  cable  by  the  Spanish 
Railways  Network  as  well  as  its  use 
in  Electric  Companies,  in  the  version 
of  cable  lashed  to  the  ground-wire  of 
high  tension  lines. 


Even  though  the  development  has  been 


Attenuation  at 

1300 

nm.  Ave . 

Max . 

0  .  36 
0.38 

dB/km 

dB/km 

carried  out  with  an  8  optical  fiber 
prototype,  if  a  fewer  or  greater  number 
of  fibers  are  required,  this  could  be 

Attenuation  at 

1550 

nm.  Ave. 

Max . 

0.24 

0 . 25 

dB/km 

dB/km 

done  with  slight  modifications  in  the 
design.  The  modifications  would  only 

be  slight  due  to  the  arrangement  of 
the  fibers  which  are  loose  in  tubes. 

The  rest  of 

the 

properties , 

for 

the 

fiber  as  raw 

been  shown. 

material,  have  al 

ready 
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FIGURE  2:  Reproduced  from  3.  Stannard- 
Powell  ( BICC ) . 

Shot  gun  resistance  of  various  sheaths 
used  in  telephone  cables,  by  John 
W.  Smith,  October  1986. 
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CONTINUOUS  MOLDING  EQUIPMENT  FOR  SELF-SUPPORTING 
PRE-HANGER  TYPE  OPTICAL  FIBER  CABLE  WITH  CATENARY 


T.  Koseki,  S.  Yamaki ,  F.  Onodera 


Kitanihon  Electric  Cable  Co.,  Ltd. 
1-2-1  Koriyama,  Sendai,  982,  Japan 


Summary 

In  1982,  we  developed  a  non-metallic 
self-supporting  pre-hanger  type  optical 
fiber  cable  ( SPOF  cable  )* ’^ ’ ^ ’^  to  be  used 
for  steel  pylon  suspension  type  optical 
fiber  transmission  line.  This  type  of 
cable  has  been  marketed  and  used  with  suc¬ 
cessful  results.  Although  the  manufacture 
of  this  cable  has  been  conducted  so  far  by 
intermittent  pre-hanger  molding  equipment, 
manufacturing  equipment  of  greater  effi¬ 
ciency  and  the  ability  to  produce  cable  of 
consistent  quality  has  become  necessary. 

To  replace  conventional  intermittent  pre¬ 
hanger  molding  equipment,  we  have  succeed¬ 
ed  in  developing  new  high-performance  con¬ 
tinuous  pre-hanger  type  molding  equipment, 
which  can  produce  SPOF  cable  of  better 
quality  at  a  higher  speed. 

Introduction 

Figure  1  shows  the  structure  of  SPOF 
cable.  Continuous  pre-hanger  molding  equip¬ 
ment  conducts  the  molding  of  the  pre-hang¬ 
er  part  (PE  Connection)  while  imparting 
catenary  to  the  main  fiber  cable. 

This  equipment  is  such  that  plural  num¬ 
bers  of  catenary  setting  guides  and  metal 
dies  for  molding  (attached  with  an  opening 
and  closing  mechanism)  are  fixed  alternate¬ 
ly  on  the  outer  circumference  of  a  round 
rotating  table,  which  serves  simultaneous¬ 
ly  as  a  take-up  unit.  An  injection  molding 
machine  is  incorporated  in  the  unit  to 


provide  compact  design.  The  take-up  of 
cable,  the  provision  of  catenary  and  the 
molding  of  the  pre-hanger  part  are  conduc¬ 
ted  by  a  single  unit  simultaneously  and 
continuously,  without  stopping  the  flow  of 
cable . 

Catenary  is  automatically  imparted  by- 
guiding  the  cable  so  that  a  difference  is 
provided  between  the  length  of  the  support 
line  and  the  main  fiber  cable  between  the 
metal  dies.  By  using  these  mechanisms,  a 
stable  catenary  can  be  imparted  with  high 
speed . 


SUSPENSION 
( FRP  HOD  WITH  PE) 


NON-METALLIC  OPTICAL  PE  CONNECTION 
CABLE  WITH  CATENARY 


-  oOOmm  - - »j 

Fig.  1  Structure  of  SPOF  cable 

Outline  of  Continuous  Pre-hanger  Molding 
L  i  ne 

As  shown  in  Fig.  2,  the  line  consists  of 
a  supply  stand  for  main  cable  and  support 
line,  continuous  pre-hanger  molding  equip¬ 
ment,  a  trimmer,  shape  identifier  and 
take- up  unit. 
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TAKE-UP  UNIT 


Fig.  2 

Continuous  pre-hanger  molding  line 


Continuous  Pre-hanger  Molding  Equipment 


As  shown  in  Figs.  2  and  4,  (photographs) 
plural  numbers  of  metal  dies  for  molding, 
each  with  an  opening/closing  mechanism,  and 
catenary  setting  guides  are  fixed  alter¬ 
nately  on  the  outer  circumference  of  a 
round  rotating  table,  with  the  center  of 
the  table  serving  as  an  axis.  Thus,  with 
rotation,  pre-hanger  molding  is  conducted 
by  the  injection  molding  machine  which 
moves  reciprocally  and  synchronously  with 
the  opening  and  closing  of  the  metal  dies, 
while  continuously  providing  catenary. 


Specification  of  Equipment 


Diameter  of  table:  1830  mm 
Height  of  machine:  1600  mm 
Height  of  pass  line:  1000  mm 
Cable  bending  diameter:  1591.6  mm 
Fitting  pitch  of  metal  dies:  500  mm 
Catenary  setting:  0  —  2 % 
Nos.  of  metal  dies  fitted:  10  pcs 
Nos.  of  catonary  guides  fitted:  10  pcs 
Injection  molding  machine:  Max.llg/shot 
Production  capacity:  over  75  Km/month 
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Fig.  3  Fig.  4 

Continuous  pre-han^r  molding  line  Continuous  pre-hanger  molding  equipment 


Movement 

As  shown  in  Fig.  5,  the  incoming  sus¬ 
pension  line  and  the  main  fiber  cable  are 
led  to  the  catenary  setting  guides,  l'.etal 
dies  are  closed  and  resin  is  injected.  Af¬ 
ter  the  cooling  of  the  resin,  the  metal 
dies  are  opened  and  the  support  line  and 
main  fiber  cable  are  led  out. 

Figure  6  shows  the  range  of  reciprocat¬ 
ing  movement  of  the  injection  molding  ma¬ 
chine  and  the  opening  and  closing  range  of 
the  metal  molding  dies. 

Figure  7  (photograph)  shows  the  open 
position  of  the  metal  dies. 

Figure  8  (photograph)  shows  the  closed 
position  of  the  metal  dies. 
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Fig.  5 

Continuous  pre-hanger  molding  equipment  and  its  operational  process 
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Provision  of  Catenary 

Catenary  is  automatically  provided  by 
catenary  setting  guides  as  shown  in  Fig.  9 
(photograph).  These  are  fan-shaped  guides 
with  grooves  and  each  consists  of  two 
parts,  one  for  the  suspension  line  and  the 
other  for  the  main  cable.  These  guides  can 
slide  in  a  radial  direction  on  the  tabic. 
By  leading  the  main  cable  along  these 
guides  towards  the  periphery  of  the  table, 
the  length  of  the  line  between  the  pre¬ 
hangers  becomes  longer  in  the  main  cable 
than  in  the  suspension  line. 

Resin  is  injected  into  the  metal  dies. 
After  the  resin  has  cooled,  and  the  cable 
being  guided  out  of  the  molding  equipment 
has  straightened,  the  difference  in  length 
is  accounted  for  by  the  catenary  of  the 
main  fiber  cable. 

This  procedure  provides  the  cable  with 
a  well-balanced  and  uniform  catenary. 

Since  the  catenary  setting  guides  are  ar¬ 
ranged  alternately  with  the  dies,  catenary 
is  provided  continuously  and  automatically 
with  the  rotation  of  the  table  and  a  se¬ 
ries  of  molding  movements. 


Fig.  9  Catenary  setting  guide 


Conclusion 

With  the  development  of  this  manufactur¬ 
ing  equipment,  productivity  of  SPOF  cables 
at  our  plant  has  shown  remarkable  improve¬ 


ment,  and  we  are  now  producing  cables  of 

better  quality  at  higher  speed. 
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ABSTRACT 

The  design  of  a  dielectric  optical  fibre 
cable  with  high  crush  resistance  is 
presented.  The  cable  has  a  double  sheath 
with  a  Heat  Expandable  Tape,  as  a 
cushioning  between  inner  and  outer 
sheath . 

The  HET  wrapping  is  applied  unexposed  on 
the  inner  sheath  of  the  cable.  When 
applying  the  outer  sheath  the  heat  from 
the  extrudate  will  expand  the  HET  and  the 
thickness  of  the  tape  will  increase. 
Cables  with  Heat  Expandable  Tape  as  a 
cushioning  has  been  tested  and  proved  to 
be  suitable  for  direct  burial  by 
ploughing,  in  some  applications  this 
cable  is  an  alternative  to  steel  tape  or 
wire  armoured  cables,  when  armouring  is 
used  only  as  mechanical  protection. 

Cables  with  HET  can  also  be  used  as  an 
alternative  to  duct  installation. 

INTRODUCTION 


will  occure.  For  example  a  tape  pad  with 
a  2  mm  thick  and  1000  m  tape  length  will 
have  a  diameter  of  1.5  m.  Other 
practical  problems  can  also  be  present 
when  folding  a  too  thick  tape  around  a 
cable  with  a  small  diameter. 

In  solving  the  practical  problems,  how  to 
apply  a  thick  tape  on  a  cable,  a  newly 
developed  cable  wrapping  can  been  used. 
The  new  wrapping  is  a  Heat  Expandable 
Tape,  HET.  This  tape  expands  when  heated 
and  gives  a  very  good  bedding  for  the 
outer  sheath.  The  HET  acts  as  a 
cushioning  and  will  protect  the  inner 
cable.  In  figure  l.is  a  cable  is  shown 
where  the  HET  is  visable  under  the 
sheath. 

The  development  of  the  tape  and  the 
process  how  to  apply  it  on  a  cable,  has 
been  going  on  for  about  2  years.  Much 
work  has  been  done  to  optimize  the 
expansion  of  the  tape  and  the  process  how 
to  apply  it  in  an  extrusion  line. 


To  make  optical  fibre  cables  mechanically 
strong  and  rigid  enough  for  direct 
burial,  the  cables  often  are  made  with  a 
steel  tape  or  wire  armouring.  However,  a 
metal  armouring  is  not  always  wanted.  One 
way  to  make  dielectric  optical  fibre 
cables  more  rigid  is  to  have  a  cable 
construction  with  a  thick  sheath. 
Unfortunatly  an  optical  fibre  cable  with 
a  too  thick  sheath,  will  have  bad 
temperature  performance.  This  is  due  to 
the  high  temperature  coefficient  of  the 
polymeric  material  in  the  sheath. One 
solution  to  this  problem  is  to  make  a 
cable  with  a  spacing  between  inner  and 
outer  sheath.  The  spacing  can  be 
unfilled  or  filled  with  jelly.  A  tape 
can  also  be  used  to  fill  the  space.  Using 
a  tape,  the  tape  acts  as  a  bedding  for 
the  outer  sheath. 

To  apply  a  tape  in  a  sheating  line, 
regular  extrusion  lines  can  be  used. 
Applying  a  tape  longitudionally  on  a 
cable  in  a  sheating  line  is  a  very 
simple  process.  However,  if  the  tape  is 
thick,  a  few  mm,  some  practical  problems 


To  verify  the  possibilities  in  using  the 

HET  in  cable  construction  a  dielectric 

optical  fibre  cable  has  been  made.  The 

new  cable  is  called  Tube  Jacket  Cable.  1 


Fig.l  A  Tube  Jacket  Cable,  where  the  HET 
can  be  seen  under  the  outer  sheath. 
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CABLE  CONSTRUCTION 


To  verify  that  a  cable  with  a  HET 
wrapping  as  a  cushioning  is  suitable  for 
installation  by  ploughing,  a  cable  for 
duct  installation  has  been  used  as  the 
cable  core  in  the  tube  jacket  cable. 

A  crosssection  of  the  tube  jacket  cable 
is  shown  in  Fig. 2.  The  cable  is  a  slotted 
core  design  with  a  central  strength 
member  of  FRP,  fibre  reinforced  plastic. 
The  slots  are  made  of  polyethene  and 
produced  in  an  extrusion  line  with  a 
rotating  head. Inside  the  slots, there  are 
secondary  tubes  with  four  fibers  in  each 
tube.  The  cable  core  is  filled  with 
petroleum  jelly,  to  prevent  water 
penetration.  Linear  low  density 
polyethene,  LLDPE  is  used  as  a  sheath  on 
the  inner  cable.  This  inner  cable  is 
normally  used  for  installation  in  ducts. 

The  tube  jacket  cable  has  a  heat 
expandable  tape  applied  on  the  outside 
of  the  cable  core  toghether  with  a  sheath 
of  high  density  polyethene,  HDPE .  The  HET 
is  expanded  to  a  thickness  of  2.5  mm.  The 
tape  acts  as  a  support  for  the  sheating 
process  and  as  a  cushion  for  the  cable 
core. The  outer  sheath  of  high  density 
polyethylene  act  as  a  conduit.  The  HDPE 
It"  oood  mechanical 

properties. 


Outer  sheath: 


diamotor  22mm 


Fig. 2  Construction  of  the  Tube  Jacket 
Cable. 


The  main  design  requirements  of  the  Tube 
Jacket  Cable  are: 

Crush  strenght  with  100  mm  plates, in 
accordance  with  IEC-794-1-E3 :  >  6000N 
Bending  radius 
>  15  x  cable  diameter 

The  fibre  parameters  are  in  accordance 
with  the  recommadation  G  652  of  CCITT: 

The  inner  cable  is  specified  to  meet  the 
following  temperature  requirements: 

Temperature  range, 
operation  -30°  -+70°C 

Temperature  range, 
storage  -40°  -+70°C 

Temperature  range, 
installation  -10°  -+50°C 

Heat  Expandable  Tape 

Heat  Expandable  Tape,  HET  is  a  non- 
woven  tape  on  which  heat  expanding 
microspheres  are  bonded  with  a  bonding 
agent . 

Microspheres  are  spherically  formed 
particles,  which  consist  of  a  polymeric 
shell  with  an  enclosed  blowing  agent. 

The  shell  is  an  acrylonitrile- 
vinylidenchloride  copolymer  and  the 
enclosed  blowing  agent  is  isobutane. 

The  characteristic  property  of  HET  is  the 
expansion,  which  defines  the  final 
thickness  of  the  tape.  Expansion  takes 
place  in  the  temperature  range  90 °-  120 °C 
depending  on  the  tape  design  and  type  of 
microspheres.  It  is  possible  to  make  a 
tape  for  a  special  application  as  there 
are  microspheres  expanding  at  different 
temperatures.  It  is  also  possible  to 
have,  in  the  same  tape,  seperate  layers 
of  microspheres  that  expands  at  different 
temperatures. 

One  advantage  of  HET  is  that  a  thin  tape, 
can  give  a  thick  bedding  for  the  outer 
sheath.  When  the  tape  expands,  the 
isobutane  in  the  microspheres  absorb  heat 
from  the  extrudate.  This  is  a  positive 
effect  which  enables  the  use  of  material 
with  high  extrusion  temperature. 

Expansion  of  the  tape  is  approximatively 
ten  times  the  original  thickness. 

HET  should  not  be  exposed  to  extremly 
high  temperatures  for  too  long,  due  to 
the  risk  for  cracking  of  the 
microspheres.  If  the  microspheres  crack 
the  thickness  of  the  expanded  tape 
decreases  rapidly. 

Figure  3  shows  the  depandance  of  the 
tape  thickness  to  time  at  a  temperature 
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Pig. 3  Expansion  height  as  a  function  of 
time  at  constant  temperature. 

above  expansion  temperature 
HET  before  expansion  is  showed  in  picture 
1.  Fully  expanded  HET  in  picture  2.  In 
picture  3  some  of  the  microspheres  are 
cracked . 

PROCESSING 

The  main  task  in  developing  a  process  for 
using  Heat  Expandable  Tape,  has  been  to 
make  the  use  of  the  tape  as  simple  as 
possible.  In  order  to  find  a  simple 


process,  it  has  been  necessary  to  modify 
the  HET  to  fit  the  process  parameters  in 
a  sheating  line.  After  optimizing  the  HET 
the  tape  is  suitable  for  a  wide  range  of 
cables  and  sheating  materials. 

The  Heat  Expandable  Tape  is  applied 
longitudionally  on  the  cable,  and  folded 
around  the  cable  in  a  guide  tube.  The 
guide  tube  is  located  at  the  inlet  of  the 
extruder  head  in  the  sheating  line. 

Passing  through  the  extruder  head,  the 
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I 


Deformation  is  measured  as  the  inpact  on 
the  outer  cable  diameter. 

The  test  is  in  accordance  with  IEC  794-1- 
E3. 


SET  UP 


Crush  strength  test 

TUBE  JACKET  CABLE 


A)t#mi*llon  changt  (dB)  D.tormttlon  (mm) 


r 

,  ,  *  '  ' 

-  16 

-  14 

1.6  r 

, 

-  12 

,  s ''*"*** 

■  s 

• 

1  io 

It  / 

i 

* 

-8 

1 

• 

-6 

0.6  j-  1 

i _ 

»♦*  + 

•4 

2 

- _  i 

0  6 

10  16  20 
Load  (kN) 

26 

-  Deformation  (mm)  -  +-  1300  nm  *  1660  nm 


Fig. 5  The  attenuation  change  and 
deformation  as  a  function  of  crush  load. 


Fig. 4  Crush  strenght  measurement  setup. 
Results : 

In  fig. 5  the  attenuation  change  and  the 
deformation  as  a  function  of  the 
compressive  force  is  shown. The 
attenuation  reaches  0.1  dB  at  a  load  of 
about  6.5  kN.  A  comparision  is  done  in 
fig  6.  between  a  cable  for  duct 
installation  (fig  7, type  X),  a  tube 
jacket  cable  (fig  1)  and  an  armoured 
cable  (  fig  7, type  2)  . 

Fig  6  shows  the  attenuation  change  at 
1550  nm  as  a  function  of  the  compressive 
force. 

The  most  sensitive  cable  to  compression 
is  the  ductcable. 

The  armoured  cable  has  a  very  steep 
increase  in  attenuation  versus 
compression  at  a  load  of  about  8  kN.  The 
tube  jacket  cable  shows  notable  increase 
in  attenuation  above  6  kN,  however  the 
increase  in  attenuation  is  still  at  14  kN 
below  0.8  dB. 


Crush  strenght  test 

Attenuation  changes  at  1550  nm 
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Fig. 6  A  comparision  between  three  types 
of  cables  regarding  crush  resistance.  The 
attenuation  was  measured  at  1550  nm. 


Type  1  -  duct  cable 
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Fig. 7  Cable  for  duct  installation,  type 
1  and  a  wire  armoured  cable,  type  2. 


Tensile  load  test 

Test  procedure:  25  m  of  cable  is  tested 
under  tension. The  cable  is  terminated  at 
one  end  by  winding  5  turns  round  a  fixed 
wooden  mandrell.On  the  other  end  the 
tension  load  is  increased  in  steps  of 
250  N. 

The  elongation  of  the  outer  sheath  is 
measured  at  the  cable  grip  where  the 
tension  is  applied.  The  slip  between  the 
outer  sheath  and  the  cable  core  is  also 
measured. 


Results:  The  strain  and  the  slippage  of 
the  cable  as  a  function  of  the  load  is 
shown  in  fig  8.  The  cable  can  withstand 
a  load  on  the  outer  sheath  of  2,0  kN 
without  too  much  slippage.  When  the  load 
is  removed  the  slippage  will  return  to 
almost  zero. 

TENSILE  LOAD  TEST 

TUBE  JACKET  CABLE 
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Fig. 8  Tensile  load  test  of  the  tube 
jacket  cable. 


Freezing  test 

Test  procedure:  The  cable  was  put  into  a 
steel  tube,  2.5  m  in  lenght,  filled  with 
water.  Four  holes  with  a  diameter  of  6 
mm  were  drilled  in  the  outer  sheath.  The 
holes  was  0.5  m  apart.  This  was  made  to 
simulate  water  leakage  between  the 
sheaths.  The  temperature  around  the  cable 
was  brought  down  below  freezing  point, 
for  24  hours. 

The  attenuation  was  measured,  both  at 
1300  nm  and  at  1550  nm. 

Results:  The  attenuation  did  not  change 

at  neither  1300  nm  nor  at  1550  nm  during 
temperature  cycling.  In  some  places  the 
microspheres  were  slightly  deformed  but 
not  cracked. 


PILOT  INSTALLATION 

In  december  1987  a  pilot  installation 
was  done. The  attenuation  .ias  been 
measured  continously  for  eight 
months. During  that  time  the  temperature 
has  varied  between  -5“  to  +20“C.  The 
cable  is  installed  into  ground  at  80  cm 
depth.  The  installation  was  carried  out 
in  accordance  with  the  Swedish  PTT 
specification  for  installation  of 
armoured  cable. 

The  cable  installed  has  12  fibres  and  it 
is  700  m  in  lenght. 

Measurement:  The  12  fibres  were  looped 
toghether  and  the  attenuation  was 
measured  with  a  backscatter.  During 
installation  the  attenuation  change  was 
measured  continously.  From  then  on,  the 
attenuations  measurement  have  been  made 
regulary  over  the  period. 

Results:  The  plot  in  figure  9,  shows  the 
attenuation  change  as  a  function  of  time. 
The  measurements  are  made  before,  and 
after  installation.  In  figure  10  the 
attenuation  change  is  plotted  as  a 
function  of  temperature. 

The  results  from  the  pilot  installation 
shows  that  the  cable  does  not  change 
attenuation  during  installation.  During 
the  testing  period  of  8  months,  no 
significant  change  in  attenuation,  due  to 
temperature  variations  was  observed. 
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PILOT  INSTALLATION 

Attenuation  change  as  a  function  of  tin 
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Fig.9  Attenuation  change  as  a  function 
of  time 


PILOT  INSTALLATION 

Attenuation  change  as  a  function  of  temp 
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Fig. 10  Attenuation  change  at  different 
temperatures . 


REFERENCE  INSTALLATION 

Some  100  km  tube  jacket  optical  fibre 
cable  have  been  installed  in  1988  by  the 
Swedish  Railway  Authorities. 

The  cable  was  installed  by  ploughing, 
toghether  with  two  other  cables  directly 
into  the  railway  embankment.  The  cables 
had  been  laid  out  along  the  railroad 
before  installation. 

The  experience  front  these  installations 
is  that  tube  jacket  cable  with  HET  as  a 
cushioning  can  be  ploughed  directly  into 
ground. 

The  dielectric  cable  is  easy  to  handle 
and  well  suited  for  installation  close  to 
electrified  railways. 


CONCLUSIONS  PROM  TESTING  AND  PILOT 
INSTALLATION 


The  tube  jacket  cable  fullfill  our 
design  requirements.  The  cable  is  rigid 
enough  to  withstand  mechanical  forces' 
that  occurs  when  the  cable  is  ploughed 
directly  into  ground.  A  tube  jacket  cable 
is  comparable  to  a  wire  armoured  cable 
regarding  the  resistance  against 


Fig. 11  Installation  of  the  Tube  Jacket 
Cable  by  the  Swedish  Railway 
Authorities. 
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I .  ABSTRACT 

Questions  have  arisen  relative  to  the  safety  of 
blasting  near  fiber  optic  cable.  These  questions 
occur  when  a  contractor  is  attempting  to  place 
another  utility  line,  be  it  water,  sewer,  gas  or 
power,  along  the  s3'  right  of  way  as  a  fiber 
optic  cable.  If  the  contractor  encounters  rock 
along  the  right  of  way,  he  is  often  forbidden  to 
bias-  in  any  "reasonable"  vicinity  of  the  fiber 
optic  cable.  This  situation  can  cause  great 
additional  expense  for  the  contractor  in  terms  of 
time  and  increased  mechanical  excavation  equip¬ 
ment  costs.  Changing  the  route  to  avoid  the 
fiber  optic  cable  is  normally  cost  prohibitive  or 
nearly  impossible.  The  questions  posed  are:  "Are 
fiber  optic  cables  adversely  affected  by 
blasting?"  and  "Must  the  data  transmission  be 
rerouted  during  the  blast?".  This  experiment 
showed  that  Siecor's  single  armor,  loose  tube 
design  experienced  no  damage  within  the  severe 
blasting  environment. 


II.  BACKGROUND 

Contractors  placing  new  utility  lines  along 
highway  right  of  ways  where  fiber  optic  cables 
have  been  previously  placed  face  tough 
alternatives.  There  is  normally  only  five  to 
twenty  five  feet  of  right  of  way  along  the  road 
and  when  other  utilitins  are  already  in  place, 
even  less  space  is  available.  If  there  is  an 
existing  fiber  optic  cable  in  place,  the  Telco  is 
often  very  nervous  when  contractors  start  digging 
up  the  area  near  their  cable.  Severing  a  cable 
can  be  very  expensive  in  terms  of  lost  revenues. 
The  Telco  normally  gets  very  upset  at  the  mere 
thought  of  using  explosives  when  the  contractor 
encounters  rock  requiring  blasting.  The  Telco 
will  often  do  whatever  they  can  to  stop  a 
contractor  from  blasting  anywhere  near  their 
cable.  Mechanical  extraction  of  solid  rock  is 
often  extremely  expensive  and  time  consuming,  and 
it  is  normally  unacceptable  to  the  contractor. 


Is  fiber  optic  cable  tough  enough  to  withstand 
the  effects  of  excavation  using  explosives  in  the 
immediate  vicinity  of  the  cable?  A  positive 
answer  to  this  question  would  certainly  ease  the 
tensions  and  concerns  for  both  the  contractors 
and  the  Telcos.  At  face  value  it  may  appear  that 
fiber  optic  cable  is  a  fragile  entity.  However, 
Siecor  fiber  optic  cable  construction  is  designed 
to  protect  the  fiber  from  harsh  physical  and 
environmental  effects.  Within  the  cable 
industry,  standards  define  the  physical 
requirements  for  the  cable.  Rigorous  physical 
tests  have  been  performed  on  Siecor  fiber  optic 
cables  with  excellent  results.  Tests  performed 
under  laboratory  conditions  may  yield  very  good 
indications  of  the  probable  success  of  blasting 
near  fiber  optic  cable.  However,  unless  cable  is 
tested  in  the  actual  field  blasting  conditions, 
there  may  still  be  many  doubts.  It  was  for  these 
reasons  that  a  local  excavation  contractor  and 
Siecor  decided  to  share  resources  and  expertise 
in  conducting  a  test  that  would  replicate  typical 
and  worst  case  scenarios  for  blasting  near  fiber 
optic  cables. 


III.  EXPERIMENT 

The  plan  employed  typical  blasting  techniques 
near  direct  buried  fiber  optic  cable  and  involved 
the  direct  burial  of  single  armored  fiber  optic 
cable  in  a  bed  of  shale  using  a  vibratory  plow. 
A  series  of  blasts  were  detonated  at  varying 
distances  from  the  cable.  The  blast  patterns 
employed  were  designed  to  simulate  what  would 
typically  be  required  for  placing  a  water  main 
eight  foot  below  the  ground,  near  the  fiber  optic 
cable.  See  Figure  A  for  the  plan  view  of  the 
experiment . 

Fifty  meters  of  cable  were  buried  with  the 
remaining  cable  running  above  ground  to  the 
electronic  monitoring  equipment  safely  located  50 
meters  away.  Optical  fiber  was  spliced  at  the 
cable  ends  to  create  over  two  hundred  meters  of 
an  optical  fiber  run  in  a  fifty  meter  cable. 
This  situation  made  the  cable  more  sensitive  to 
blasting  effects  since  more  fiber  was  subject  to 
the  blast. 
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Blasting  Experiment 
Plan  View 


to  A  Cortlnuoua  Loop 


Note: 

The  Number  Associated  with  Each  Hole  Signifying  (he 
Blasting  Cap  Delay.  A  Number  1  Indicates  that  there  is  a 
25  Millisecond  Delay.  A  Number  2  has  2  X  25  or  50 
Millisecond  and  so  on.  No  Number  Indicates  No  Delay 
and  was  Used  on  Single  or  Simultaneous  Blasts. 


SIECOR  30-Fiber 
Loose  Tube  Mini-BundleS 
Single  Armor 


Figure  B 


To  measure  the  transient  effects  of  the  blasts 
the  cable  was  monitored  by  a  Bit-Error-Rate  (BER) 
tester  operating  at  a  bit  rate  of  500  MBits  per 
second.  Using  this  device  and  an  optical 
attenuator,  the  bit  errors  per  (hits  transmitted 
were  kept  at  a  level  of  0.5x10  between  blasts, 
which  resulted  in  an  average  of  one  error  per 
four  seconds  and  represented  the  highest  BER 
typically  accepted  in  a  system.  During  the 
blasts,  the  BER  tester  was  switched  to  display 
the  actual  number  of  errors  counted.  If  errors 
were  recorded  during  the  blast  beyond  the  normal 
rate,  the  BER  tester  would  indicate  that 
transmission  may  have  been  adversely  affected. 
Figure  C  illustrates  the  layout  of  the  BER  test 
device.  An  Optical  Time  Domain  Refl ectometer, 
(0TDR),  was  used  to  locate  any  possible  anomalies 
in  the  fiber  caused  by  the  blast.  Additionally, 
a  power  meter  was  employed  to  measure  any  changes 
in  attenuation  before  and  after  each  blast. 


Bit  Error  Rate 

Measurement  Set-Up 


Ftp**  A 


The  fiber  optic  cable  employed  was  Siecor's 
single  armor  loose  tube  design.  This  design  is  a 
gel  filled,  double  layer  loose  tube  construction 
that  utilizes  aramid  yarn  and  fiberglass  strength 
members,  multiple  polyethylene  jackets  and 
longitudinally  applied  corrugated  steel  armoring. 
This  design  is  typically  recommended  for  direct 
buried  applications  since  it  provides  the 
physical  protection  required  for  vibratory  plow 
installations  and  potential  rodent  or  lightning 
exposure.  See  Figure  B  for  the  cable  cross 
section. 


Fiber  Optic  Cable 


Figure  C 
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Every  effort  was  made  to  achieve  realistic  field 
conditions.  The  area  used  was  primarily  shale 
rock  with  a  few  inches  of  loose  top  soil.  The 
dust  produced  by  the  rock  drill  was  mostly  white 
indicating  hard  shale,  with  a  few  occasional 
bursts  of  dark  brown  indicating  soft  shale. 
Across  most  of  the  test  area  the  plow  could 
easily  install  the  cable  to  the  desired  twenty 
four  inch  depth  even  though  it  occasionally 
brought  five  to  twenty  five  pound  chunks  of  shale 
to  the  surface.  Over  one  area  of  the  test,  the 
plow  hammered  on  top  of  a  layer  of  hard  material 
at  a  depth  of  about  twenty  inches.  In  all 
probability,  a  cable  installation  contractor 
would  have  laid  the  cable  the  same  way,  right  on 
top  of  the  rock.  This  area  was  also  used  for  the 
most  severe  test  of  blasting  under  and  beside  the 
cable.  If  the  ground  had  been  much  harder,  the 
cable  would  have  been  trenched  in  and  probably 
surrounded  by  a  few  inches  of  protective  material 
such  as  sand  thereby  making  the  plow-in  scenario 
worst  case.  The  likelihood  of  shearing  or 
crushing  the  cable  was  greater  than  if  the  cable 
had  been  trenched  in  through  harder  rock  and  back 
filled  with  softer  material  (sand). 

The  explosive  used  was  a  nitroglycerine  based 
dynamite,  which  had  an  absolute  energy  (bulk 
strength)  of  1400  cal/cc,  a  relative  energy  of 
190  (using  Ammonium  Nitrate-Fuel  Oil,  ANF0= 1 00  as 
a  bench  mark),  and  a  velocity  of  16,000  feet  per 
second.  Electric  time  delay  caps  were  used  to 
detonate  the  dynamite.  The  holes  were  stemmed 
with  #67  stone.  When  multiple  charges  were 
fixed,  they  were  covered  with  a  weighted  sled 
(for  safety  reasons)  to  eliminate  flying  rock. 

The  experiment  was  started  with  one  charge  of 
five  pounds,  (2  each  2"xl6"  sticks)  placed  ten 
feet  from  the  test  cable  and  ten  feet  deep  as  per 
Figure  A.  This  places  the  explosive  at  about 
eleven  feet  from  the  cable.  The  shot  raised  the 
ground  about  six  inches.  No  additional  errors 
were  recorded  by  the  BER  tester  and  no  increase 
in  attenuation  was  measured  by  the  power  meter. 

Shot  #2  was  basically  the  same  with  the  BER 
tester  q set  to  be  more  sensitive  (BER  of 
0.5x10"  ).  The  results  were  identical  to  the 
first  shot. 

Shot  #3  was  made  with  a  five  hole  pattern  as  per 
Figure  A.  Each  hole  was  loaded  with  five  pounds 
of  explosive  giving  a  total  load  of  twenty  five 
pounds.  This  shot  was  covered  with  the  sled  to 
protect  observers  from  flying  debris.  As  normal 
blasting  practice  dictates,  the  delay  on  the  caps 
were  designed  so  that  the  closest  hole  to  the 
cable  would  be  the  last  to  fire.  This  shot 
picked  the  sled  up  about  six  inches,  humped  the 
area  about  one  foot  and  cracked  the  ground  in  all 
directions.  This  shot  probably  displaced  the 
cable  slightly.  No  additional  errors  or 
increases  in  attenuation  were  seen. 


Shot  #4  was  the  same  as  #3  except  the  pattern  was 
varied  slightly  and  was  now  five  feet  from 
the  cable  as  per  Figure  A.  The  results  were 
identical  to  #3. 

Shot  #5  was  also  similar  to  #3  and  #4  except  the 
two  closest  holes  were  drilled  about  three  feet 
from  the  cable.  The  results  were  identical  to  #3 
and  #4.  The  cable  was  probably  displaced  a  few 
inches  by  this  shot.  Again,  no  additional  errors 
were  detected  and  no  increases  in  attenuation 
were  observed. 

Shot  #6  was  a  seven  hole  pattern  containing 
thirty  five  pounds  total  dynamite,  with  the 
closest  holes  being  two  feet  from  the  cable.  The 
ground  was  raised  about  a  foot  and  the  cable  was 
probably  displaced  more  than  six  inches,  but 
again,  no  additional  errors  were  recorded  on  the 
BER  tester. 

Shot  #7  was  a  seven  hole  pattern  as  per  Figure  A, 
which  actually  crossed  under  the  cable.  It  is 
doubtful  that  a  contractor  would  attempt  this 
shot  in  an  actual  job  situation  with  a  live 
cable,  but,  given  the  way  cable  is  often 
installed  around  an  obstruction,  there  is  an 
excellent  chance  that  such  a  blast  could  occur 
without  prior  knowledge  that  the  cable  was  within 
the  hole  pattern.  This  shot  occurred  in  the  area 
where  the  cable  was  installed  right  on  top  of  the 
rock  layer.  The  seven  hole  pattern  contained 
thirty  five  pounds  of  explosive,  all  within  ten 
feet  of  the  cable.  The  closest  explosive  was 
about  six  feet  from  the  cable.  This  shot  picked 
the  sled  up  more  than  a  foot,  humped  the  area 
about  a  foot,  and  probably  displaced  the  cable 
about  one  foot.  No  additional  bit  errors  or 
cable  damage  were  found,  nor  was  an  increase  in 
attenuation  noted. 

Shot  #8  was  designed  to  be  representative  of  an 
"accidental”  shot  for  a  water  line  trench.  Holes 
were  drilled  a  foot  on  each  side  of  the  cable  and 
six  feet  feet  deep.  Each  was  loaded  with  one 
half  stick  of  2 " x 1 6 "  dynamite  which  placed  the 
explosive  at  about  four  feet  from  the  cable. 
This  shot  was  rather  loud  and  disturbed  the 
ground  in  the  same  manner  as  the  other  shots  due 
to  the  shallow  depth.  As  we  had  hoped,  this  shot 
also  caused  no  increase  in  bit  errors,  nor  any 
increase  in  cable  attenuation. 


IV.  ANALYSIS 

None  of  the  blasting  shots  caused  an  increase  in 
attenuation  as  measured  by  the  power  meter  and  no 
increase  in  bit  errors  as  measured  by  the  BER 
tester.  No  additional  bit  errors  were  observed 
indicating  that  no  transient  effects  were 
witnc.sed  by  the  cable.  The  instantaneous  shock 
provided  by  the  blast  diu  not  adversely  affect 
the  data  stream.  The  cables  were  excavated  at 
the  mos  severe  blast  areas  and  showed  only 
insignificant  cosmetic  scratches  on  the  outer 
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jacket.  These  scratches  are  most  likely  a  result 
of  their  contact  with  the  rock  either  during 
direct  burial  or  during  the  blast  and  are  not 
considered  to  be  any  factor  in  the  short  term  or 
long  term  performance  of  the  cable.  What  is  most 
significant  is  that  the  cable  showed  no  signs  of 
deformation.  The  cables  were  still  round,  showed 
no  flattened  or  oval  areas  indicating  no 
significant  physical  damage. 

This  experiment  was  designed  to  replicate  most 
commonly  used  blasting  techniques  used  in  the 
industry.  The  parameters  in  the  test  were  either 
considered  typical  or  "worst  case".  There  are 
many  variables  that  can  enter  into  this  type  of 
experiment:  rock  type  and  density,  cable  depth 
and  placement  method,  cable  type  or  construction, 
blasting  methods,  shot  pattern,  blast  hole  depth, 
explosive  type  and  quantity  used,  and  the 
sensitivity  of  the  electronic  equipment  employed. 
Our  intent  was  to  keep  most  of  these  constant  or 
at  least  to  quantify  the  variables  in  order  to 
collect  the  most  meaningful  data  possible. 
Different  parnmoters  or  assumptions  may  alter  the 
testing  results.  However,  using  typical  and 
worst  case  parameters  should  help  to  justify  the 
results  of  this  test  relative  to  many  other  less 
harsh  blasting  situations. 

Specifically,  we  chose  to  use  a  vibratory  plow  to 
place  the  cable  into  the  shale  rock  bed  as  a 
worst  case  scenario  because  the  vibratory  plow 
vibrates  the  plow  blade  to  fracture  and  move  the 
rock  aside,  laying  the  cable  in  this  new  path. 
This  method  may  cause  the  newly  fractured  rock  to 
damage  the  cable  if  the  blast  is  severe  enough. 
This  scenario  also  keeps  the  ground  homogeneous 
enough  to  allow  the  highest  propagation  of  the 
shock  wave.  Normal  trenching  burial  procedures 
provide  a  change  in  density  of  material  in  the 
ground  around  the  cable  since  the  backfill 
material  around  the  cable  is  normally  sand  or  a 
"softer",  less  dense  material.  This  procedure 
would  tend  to  protect  the  cable  from  protruding 
rock  fragments  and  also  reduce  the  effect  of  the 
shock  wave.  The  shale  rock  bed  was  chosen 
because  it  is  the  hardest  material  that  would  be 
plowed  through  with  a  vibratory  plow.  If  a 
material  like  granite  was  encountered,  then  it  is 
most  likely  that  the  cable  would  be  trenched  in 
and  have  that  extra  protection  as  was  previously 
described. 

The  blasting  materials  and  techniques  described 
were  used  because  they  are  considered  typical  for 
the  type  of  rock  encountered.  The  depth  of  the 
blasts  and  hole  pattern  employed  are  typical  for 
the  scenario  of  a  water  or  sewer  main  going  in 
eight  feet  below  the  ground  and  would  replicate  a 
typical  large  excavation  that  would  occur  along  a 
highway  or  railroad  right  of  way.  Another 
variable  that  was  introduced  into  this  experiment 
was  the  cable  design.  Since  the  experiment  was 
performed  with  Siecor's  single  armored 
loose  tube  cable,  one  should  not  assume  that 
other  cable  designs  will  produce  the  same 
positive  results. 


V.  CONCLUSION 

Unchanged  attenuation  measurements,  as  measured 
by  the  power  meter,  both  before  and  after  each 
blast  indicated  that  no  increase  in  attenuation 
occurred  because  of  the  blast.  No  increase  in 
bit  errors,  as  measured  by  the  BER  tester, 
indicated  that  no  measurable  transient 
fluctuations  occurred  during  blasting.  The  OTDR 
scan  makes  it  obvious  that  no  breaks  in  the  fiber 
occurred.  The  conclusion  that  can  be  drawn  from 
the  readings  taken  during  this  test  is  that  these 
Siecor  fiber  optic  cables  were  not  adversely 
affected  by  the  blasts.  No  significant  physical 
damage  was  done  to  the  cable,  as  subsequent 
inspection  showed  no  damage  short  of  cosmetic 
scratches.  This  indicates  that  no  long  term 
failure  due  to  blasting  is  expected. 


The  cables  in  this  experiment  held  up  quite  well 
through  the  rigors  of  blasting.  Even  with 
charges  within  one  foot  (plan  view)  and  two  to 
eight  feet  below  the  cable  (side  view),  no 
detrimental  effects  were  observed.  Some  concerns 
have  been  expressed  about  the  crush  resistance  of 
fiber  optic  cables.  These  test  results  show 
excellent  protection  in  worst  case  situations. 

The  results  of  our  experiment  indicate  that 
excavation  utilizing  explosives  and  blasting 
techniques  standard  to  the  industry  performed  by 
excavation  experts  should  be  relatively  safe  when 
employing  reasonable  charges  and  at  reasonable 
distances  from  Siecor  loose  tube  fiber  optic 
cable  that  employs  steel  tape  armor.  This 
experiment  indicates  that  the  rerouting  of  data 
should  not  be  necessary;  however,  each  company 
should  weigh  this  risk  based  on  the  sensitivity 
of  the  data  being  transmitted  and  the  severity  of 
their  respective  excavation  requirements  before 
blasting. 
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abstract 

There  is  conclusive  evidence  both  froi  our  prior  studies  and  published 
data  that,  in  filled  cable,  depletion  of  the  stabilisation  sjstei  in 
polyolefin  insulation  occurs  as  a  result  of  the  manufacturing  processes, 
the  storage  environient  of  the  cable  and  the  service  environient  of  the 
cable.  A  long  ten  prograue  was  initiated  to  develop  an  accelerated 
laboratory  scale  test,  to  simulate  these  aging  conditions  and  to  predict 
the  perfonance  of  different  insulating  aaterials  and  filling  coapounds 
in  service.  A  aaterial  test  procedure  has  been  developed  for  evaluating 
the  aging  performance  of  polyolefin  insulation  systeas.  This  procedure 
involves  the  siaulation  of  processing,  storage,  and  service  paraaeters, 
using  the  components  of  filled  cable  systems,  and  is  a  meaningful 
laboratory  scale  test  which  does  not  requira  the  use  of  completed 
cables.  In  addition,  the  study  demonstrates  the  correlation  between 
residual  antioxidant  activity  and  physical  integrity  of  the  insulation. 
Prediction  of  life  expectancy  of  the  insulation  system,  following 
depletion  of  the  antioxidant,  may  be  possible. 

The  information  obtained  from  almost  two  years  of  evaluations  using  this 
technique  advances  the  understanding  of  the  behaviour  of  filled  cable 
insulation  systems  and  provides  a  basis  for  reliably  predicting  the 
performance  and  the  life  expectancy  of  filled  cable  systems. 

INTRODUCTION 

Since  the  introduction  of  fully  filled  telecommunications  cables  over  25 
years  ago,  there  has  been  an  ongoing  concern  about  the  effect  of  cable 
filling  on  the  life  expectancy  of  polymeric  insulations  in  current  use. 

•hen  one  scans  previously  published  papers  on  this  subject,  some  fifty 
odd  papers  presented  at  previous  symposia  alone,  there  seems  to  be 
general  agreement  by  manufacturers  as  well  as  users  of  filled  cables, 
that  there  is  an  undesirable  interaction  between  the  insulation  and 
petrolatum  filling  compounds,  however,  at  the  service  conditions, 
generally  the  effect  is  such  that  it  does  not  significantly  alter  the 
overall  service  performance  of  the  cable.  Reports  on  performance  of 
filled  cables  after  some  years  of  service  suggest  that  indeed  the  cables 
are  doing  well' 1  . 

Much  of  the  work  done  prior  to  accepting  a  filled  cable  systei  for 
commercial  cables  has  been  done  through  accelerated  aging  tests.  Canada 
•ire  laboratories  have  been  involved  in  this  type  of  work  since  the  late 
1950's  and  is  continually  upgrading  the  evaluation  techniques  used  ir, 
q  alifying  filled  cable  components.  From  earlier  studies  on  polyolefins, 
it  was  confirmed  that  accelerated  aging  temperatures  of  ?0'C  or  higher 
are  to  be  avoided  so  that  the  results  of  the  experiments  would  no'  be 
complicated  by  the  second  order  transition  point  of  medium  density 
polyethylene  f 6 9 - ? S ‘ C i  which  was  one  of  the  materials  under  study,  55'C, 
60 ' C  and  6 5 ’ C  were  the  selected  temperatures  for  this  study,  results  of 
which  formed  a  part  of  an  IWC9  paper'11.  65'C  is  the  upper  aging 
*.:s; ft:  ‘h:  results  of  which  are  reported  here. 
The  program  will  continue  to  study  and  report  on  the  filled  cable  syE*em 
at  lower  temperatures. 


Results  of  aging  under  exaggerated  test  conditions  have  shown  tnat  in 
time  the  stabilising  additives  are  depleted,  laboratory  data  bas 
suggested  that  for  buried  cable  this  could  be  greater  than  100  years  and 
tor  ..nil  cab,e  toe  depletion  is  understandably  in  less  time,  that 
happens  to  the  insulation  after  complete  depletion  of  stabilising 
system1  Row  long  does  the  integrity  of  the  insulation  remain  intact  in 
the  cable  and  at  the  terminals1  It  is  hoped  that  information  generated 
in  this  program  will  be  helpful  in  confirming  the  life  predicted  for 
filled  cables  or  provide  evidence  for  further  improvements  of  the 
system. 

TEST  PROGRAMS 

Conductors  insulated  with  coamercially  available  cellular  high  density 
polyethylene,  ceiiuiar  aediua  density  polyethylene  and  solid 
polypropylene  lethylene/propylent  copolyneri  were  selected  for  this 
work.  The  filling  coapounds  sel-cted  were  petrolatum  type  commonly  used 
in  the  industry. 

The  insulated  conductors  were  treated  with  hot  filling  compounds  at  a 
temperature  and  duration  simulating  the  filling  operation  (105 ‘ C | .  They 
were  then  aged  in  the  filling  compounds  at  65'C  for  predetermined 
intervals  of  time,  followed  by  removal  from  the  filling  compounds  and 
further  aging  in  an  air  even  at  65'C.  Rhile  the  insulations  were 
subjected  to  the  above  processes,  the  depletion  of  the  sntioxidant 
system  was  monitored  by  determining  the  Residuai  Antioxidant  Activity 
using  well  established  Thermal  Analytical  Techniques.  Slightly  different 
techniques  were  required  fer  cellular  insulations  iREA  Specification 
PB  891  and  solid  insulations  (REA  Specification  PB  39i.  Simultaneously, 
the  above  samples  were  also  tested  for  d.mensional  change,  and 
fiexibility/dielectric  strength.  Dielectric  test  is  used  to  determine 
the  onset  of  cracking,  since  physical  examination  alone  is  not  reliable 
for  detecting  the  appearance  of  minute  enacts  which  fori  as  a  result  of 
embrittlement  due  to  oxidation.  This  represents  a  major  deviation  from 
the  methods  used  in  other  studies  and  is  the  ieading  reason  for  the 
enhanced  accuracy  of  results  and  prediction  of  service  life. 

The  Besidual  Antioxidant  Activity  data  ir,  conjunction  with  other  test 
data  allows  for  a  more  precise  evaluation  of  compatibility  and  integrity 
of  filled  cable  systems  and  promotes  a  more  reliable  prediction  for  the 
life  of  the  insulation.  Ar,  extension  r'  this  study  was  to  determine  tb‘ 
remaining  life  of  the  insu'etion  after  complete  depletion  of  the 
stabiliier  systei.  through  aging  of  stressed  (pigtai.ed  samples. 

TBS_T  NET3C I 

Apparatus 

i.  Forced  Draft  Stem  At)  forced  draft  circulating  air  ove* 
capable  of  maintaining  the  test  temperature  within  ‘  1'C  and  having 
:nsid»  dimensions  large  enough  to  accommodate  several  .jmersior.  ‘rays, 
For  this  study,  a  slue  “  Rode!  Buber  POKSSC-!  Internal  timensisns- 
Heigh'  2C\  lid'.t  H\  Depth  Di'  arc  a  Blue  R  Rede.  Buber  PO«06r 
'Internal  Dimensions:  Height  1C,  Bidth  19".  Depth  1!'  ,  were  use:.  Both 
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ovens  sere  maintained  at  200  sir  change s/ hour . 

2.  Immersion  Trays:  G’asi  or  Snuelled  trays  of  a  site  vfe icb  sill 
alios  for  the  immersion  of  specimens  of  insulated  conductors  of  at  least 
18  inches  in  lenltk  once  tke  tray  kas  been  filled  sitk  cable  filling 
compound.  For  this  stud;,  enaae lied  tray  sitk  internal  diiensions  of  15$ 
inches  in  length,  9  inches  in  sidth  and  2)  inches  in  depth  sere  used. 

3.  Tberaal  Analyser:  in;  tberial  analyser  sitk  a  Differential 
Scanning  Caloriaeter  capable  of  determning  the  Oxidation  Induction  Tine 
of  polyolefin  insulations  as  described  in  RBA  Specification  P8  89 
Uesidual  Antioxidant  Activity  after  Processing).  For  this  study  a 
DuPont  Series  99  Theraal  Analyser  sitk  a  DuPont  910  Differential 
Scanning  Caloriaeter  sas  used. 

1.  Dielectric  Strength  Tester:  An  apparatus  capable  of  providing  an 
AC  potential  (voltage)  sufficient  to  cause  dielectric  failure  in  the 
insulation  under  test.  The  apparatus  shall  also  be  capable  of  applying 
the  AC  potential  at  a  predetermined  filed  rise  of  500V  AC  per  second. 
For  this  study,  a  Hipotronics  AC  Dielectric  Test  Set  Model  780-5/10340 
and  an  AC  Dielectric  Test  Set  designed  and  built  in  house  sere  used. 

5.  Microscope/Magnifying  Glass:  An  apparatus  (aagnifying  glass  or 
aicroscope)  capable  of  providing  5  tines  aagnification,  for  visual 
exaaination  of  insulated  conductor.  A  hand  held  aagnifying  glass 
approx i lately  2j‘  in  diaaeter  sas  used  here. 

6.  Nicroaeter:  A  uicroneter  capable  of  aeasuring  the  diaaeter  of 
insulated  conductors  to  the  nearest  0.001  inches. 

Nateriah  Under  Bvaluation 

1.  Insulations 

1.  Cellular  High  Density  Polyethylene  (HOPE):  I2A  AMG  Soft  Bare 
Copper  ( SBC  I  conductor  (insulation  density:  0.540  g/ci1;  insulation 
thickness:  0.008  inches  noninal).  The  base  resin  conforaing  to  ASTH 
D  1248,  Type  111,  Class  A,  Category  4,  Grade  89. 

2.  Cellular  Mediui  Density  Polyethylene  (MOPE):  >24  AMG  (SBC) 
conductor  (insulation  density:  0.651  g/ci1;  insulation  thickness:  0.008 
inches  nonnal).  The  base  resin  conforaing  to  ASTH  D  1218,  Type  li, 
Class  A,  Category  4,  Grade  B4. 

3.  Solid  Polypropylene  PP:  >24  AMG  (SBC)  conductor  (insulation 
thickness.  0.011  inches  nonnal).  Bthylene/propylene  copolyaer 
conforaing  to  ASTH  D  4101,  Class  PP  200  8  40003  B  II. 

2.  Cable  Pilling  Coajiounds 

|  The  two  cable  filling  compounds  are  commercial  grade  petrolatum  type 

coipounds:  Coapound  A  is  designed  to  meet  RRA  PB89  (Residual  Antioxidant 
Activity  and  80 ‘C  Coapound  Plow  Test!.  Coapound  B  is  designed  to  aeet 
S5'C  Coapound  Plow  Test  and  ;s  foraulated  with  only  sufficient 
antioxidant  to  provide  stability  of  the  coapound  during  processing.  The 
typical  properties  of  both  filling  coapounds  are  given  in  Table  1. 

Sanple  Preparation 

!.  A  plurality  of  2  foot  long  specimens  of  each  insulation  type  and 
colour  to  be  studied  were  prepared.  Based  on  previous  studies  sufficient 
specimens  vere  prepared  to  alien  for  the  evaluation  of  2  specimens  per 
month  for  a  period  ‘  3  years  (plus  1  OX  for  potential  retests,  etc .  i . 
Specimens  are  aged  in  2  grades  of  filling  Compound  and  in  air, 
therefore,  238,  2  foot  specimens  were  prepared  for  each  insulation  type 
i  and  colour. 


TABLE! 

Typical  Properties  of  Cable  FilJUg_Coapounds 


Property 

Compound  A 

Compound  6 

Drop  Melting  Point, 

‘C  (ASTH  D  127) 

97 

93 

Cone  Penetration  1  25‘C, 

1/ID  n  (ASTM  D  937) 

43 

45 

Come  Penetration  8  65'C, 

1/10  mm  (ASTM  D  937) 

140 

160 

Dissipation  Factor  1 

1  MHc/!5'C  (ASTM  D  9241 

0.001 

0.001 

Dielectric  Constant  1 

1  HHr/25'C  (ASTM  D  9241 

2.10 

2.10 

Volume  Resistivity  > 
lOO'C,  obm-cm  (ASTM  D!  169 i 

1  x  10“ 

5  i  10“ 

Oxidation  Induction  Time 

8  1 90 "C  Alum  Pan,  minutes 

50 

5 

2.  Specimens  of  each  insulation  are  placed  lengthwise  in  an  empty 
sample  tray  auch  that  the  ends  of  each  specimen  extend  approximately  3 
inches  beyond  the  sides  of  the  tray.  The  trayB  containing  the  specimeni 
are  then  filled  with  cable  filling  compound  at  a  temperature  equal  to 
that  used  in  cable  production  f  1 05 ’C) .  After  the  compound  ha:  cooled  and 
equilibrated  to  ambient  temperature  (about  25‘C)  two  specimens  of  eack 
type  are  removed  from  the  compound  for  evaluation.  The  tray  containing 
the  remainder  of  the  specimens  is  then  placed  in  a  circulating  air  oven 
vbich  is  maintained  at  65'C.  Tuo  colours  (Glue  and  Brown  1  for  each  oT 
three  insulation  types  (HDPB  Cellular,  HDPB  Cellular  and  Solid 
Polypropylene)  are  immersed  in  two  petrolatum  type  cable  filling 
compounds  (Type  A  uith  an  antioxidant,  and  Type  B  without  an 
antioxidant).  Specimens  of  each  insulation  type  and  colour  are  removed 
from  both  of  the  cable  filling  compounds  at  regular  intervals  (2  weeks, 
I  month,  2  months...  and  late  in  2  month  intervals)  for  evaluation. 

3.  Untreated  Specimens  of  each  type  and  colour  are  also  placed  in 
empty  trays  and  aged  in  air  at  85'C  and  used  as  control  samples. 
Specimens  are  taken  and  evaluated  at  the  same  intervils  as  those  sged  in 
cable  filling  coipounds. 


Fig.  1.  Specimens  prior  to  immersion  :n  Cable  Filling  Compound 
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Fig.  2.  Insulated  Conductors  Iiiersed  in  Cable  Filling  Coipound. 
Speciien  Evaluation 

Bach  speciien  is  evaluated  for  Eesidual  Antioxidant  Activity; 
Diaensional  Change;  Flexibility/Diclectri:  Strength;  and  Cracking  of 
Pigtail ed  Speciiens  after  Depletion  of  Antioxidant  (when  applicable). 

Evaluation  Procedures 

1.  Eesidual  Antioxidant  Activity:  The  Eesidual  Antioxidant  Activity 
of  each  speciien  is  leasured  as  per  EEA  Specification  PE-89  for  the 
cellular  insulations  and  as  per  EEA  PE-39  for  the  solid  insulation, 
except  the  cable  conditioning  (8h  8  68‘C|  is  waved. 

2.  Diiensioiai  Change:  The  diaieter  (D)  is  leasured  to  the  nearest 
0.001  inches  using  a  hand  held  dial  licroieter,  the  lean  average  of  5 
■easureients  is  taken  as  the  diaieter. 

3.  Flexibility/Dielectric  Strength:  The  dielectric  breakdown  voltage 
of  each  speciien  is  leasured  between  the  conductor  and  ground.  The 
speciien  is  wiped  carefully  using  a  soft  tissue  to  reiove  any  filling 
coipound  or  foreign  uterial  froi  the  insulation  surface,  then  wound 
into  a  ’pigtail".  The  ’pigtail"  is  foried  by  lakmg  a  one-inch  loop  in 
the  centre  of  the  speciien  such  that  one  end  of  the  speciien  crosses 
over  the  other  end  at  approxiiately  90'  and  is  wound  six  coiplete  turns 
around  the  insulation  (adjacent  turns  touching!.  See  Fig.  3  below.  Each 
speciien  is  exaiined  for  cracks  at  5  tiles  lagnification.  The 
"pigtailed’  speciiens  are  then  placed  in  a  solution  of  5X  (w/w|  of 
Sodiui  Chloride  in  water,  with  the  leads  extending  far  enough  above  the 
solution  such  that  flashover  does  not  occur.  The  Dielectric  Strength 
(breakdown  voltage!  of  each  speciien  is  leasured  in  turn  (voltage 
increased  at  a  rate  of  500V  AC  per  second!. 


Pig.  3.  Pigtailed  Speciiens. 


Fig.  A.  Pigtailed  Speciiens  after  Dielectric  Strength  Test.  (Note  blows 
occur  in  the  stressed  area  of  the  insulation.) 

A.  Cracking  of  ‘Pigtail*  Speciiens  after  Depletion  of__Antioxi_dajit 
( AO | ;  then  the  Eesidual  Antioxidant  Activity  (0.1. T. )  of  toe  insulating 
■aterials  becoies  one  linute  or  less  and  the  AO  is  considered  depleted, 
3  speciiens  of  the  appropriate  insulating  laterial  are  foried  into 
pigtails  and  aged  in  this  configuration,  in  air  at  65 "C.  The  pigtailed 
speciiens  are  exaiined  weekly  for  cracks  at  5  tiies  lagnification,  if  no 
cracks  are  observed  the  speciiens  are  returned  to  the  oven  for  further 
aging. 

BESETS 

1.  Eesidual  Antioxidant  ActivitjJO.I,T.j  -  Refer  to  Figures  A  thru  I 
in  Appendix  1. 

EDPE  Cellular 

Aged_ in  Air  *  65^C;  The  O.I.T.  of  EDPE  aged  in  air  at  65 ' C  decreases 
gradually  with  tiie.  After  20  tenths  an  O.I.T.  of  10  linutes  for  both 
the  Blue  and  Brown  insulations  indicates  that  the  AO  is  still  active  and 
offers  the  insulating  laterial  protection  against  oxidative  degradation. 

Aged  in  Cabje  Filling  Coipound_A  I  65 "C:  The  O.I.T.  of  HOPE  aged  in 
coipound  A  decreases  draistically  during  the  first  2  weeks  of  aging  at 
65 "C,  after  2  weeks  the  reduction  in  O.I.T.  is  very  gradual  and  after  20 
lontns  the  A0  would  appear  to  be  still  active.  It  is  noteworthy  that  the 
inch  of  reduction  in  0  I . T .  during  the  first  2  weeks  is  the  result  of 
the  siiulsted  filling  operation  (exposure  of  the  insulating  laterial  to 
the  cable  filling  coipound  at  !05'C).  Prior  to  the  siiulated  filling 
operation,  the  Blue  EDPE  Cellular  insulation  had  an  O.I.T.  of  88  unutes 
and  the  Brown  100  linutes,  after  the  siiulation  of  the  filling 
operation,  the  Blue  bad  an  O.I.T.  of  A8  unutes  and  the  Grown  A6 
linutes.  Bo  O.I.T. 's  of  !  linute  or  less  have  been  observed  after  20 
lonths  of  aging  and  therefore  aging  of  pigtailed  speciiens  has  not  been 
initiated  so  far. 

Aged  in  Cable  Filling  Coipound  B_  at  65 ’C :  The  observations  lade  for 
Coipound  B  are  generally  the  sale  as  for  Coipound  A,  including  the 
draiatic  effect  of  the  siiulated  filling  operation  or,  the  O.I.T.  of  both 
the  Blue  and  Brown  insulation.  The  lost  significant  difference  in  the 
behaviour  t'  EDPE  Cellular  in  Coipound  B  versus  Coipound  A,  is  the 
earlier  depletion  of  AO  in  speciiens  reioved  froi  Coipound  B  (Brown 
speciiens  at  10  and  12  ionths|. 

Speciiens  of  the  EDPE  cellular  aged  in  Coipound  6,  pigtailed  and  further 
aged  in  Air  (Cracking  of  Pigtailed  Speciiens  after  Depletion  of 
Antioxidantl  show  no  evidence  of  failure  after  8  lontns  at  6 5 " C . 
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HDPB  Cellular 

Afed  j^n  Jir_#  65'C:  fie  O.I.T.  of  HOPS  a led  in  air  at  65'C  decreases 
gradual iy  with  tile.  After  20  lontas  O.I.T. 's  of  0  iinutes  for  Blue  aid 
5  iinutes  for  Brown  indicates  that  the  AO  is  still  active  aid  offers  the 
insulating  aaterial  protection  against  oxidative  degradation . 

Aged  in  Cable  Pillmg  £oipound  A_  4  S5'C:  As  is  the  case  when  HDPE  is 
aged  in  Coipound  A  a  draiatic  reduction  in  O.I.T.  of  the  msulation 
occurs  during  the  first  2  weeks,  after  which  the  reduction  in  O.I.T.  is 
very  gradual.  Again  as  with  HDPB  the  filling  operation  is  lost 
responsible  for  reduction  of  O.I.T.,  the  Blue  had  an  O.I.T.  of  91 
■mutes  prior  to  the  filling  operation  and  the  Brown  92  iinutes,  filling 
reduced  the  O.I.T.  to  55  and  S5  iinutes  respectively .  After  20  icnths 
O.l.T.'s  of  7  iinutes  for  the  Blue  insulation  and  9  iinutes  for  the 
Brown  insulation,  suggests  that  the  AO  is  still  active. 

Aged_in  Cable  Filimg  Coipound  B  4  65 "C :  Observations  lade  for  saiples 
aged  in  Coipound  B  are  generally  the  sale  as  those  for  Coipound  A, 
excepting  that  the  O.I.T.  of  the  Brown  insulation  after  18  lonths  had 
reached  sero  iinutes. 

Specimens  of  Brown  HDPB  cellular  aged  in  Coipound  9,  pigtailed  and 
further  aged  in  Air  (Cracking  of  Pigtailed  Specnens  after  Depletion  of 
Antioxidant)  show  no  evidence  of  failure  after  2  lonths  at  SS'C  :r.  Air. 

SoUd  Polypropylene 

Aged  in  Air  4  65'C:  The  O.I.T.  of  Solid  Polypropylene  aged  in  air  at 
65 'C  decreases  gradually.  After  20  lonths  the  O.I.T.  of  19  and  21 
iinutes  for  the  Blue  and  Brown  insulations  receptively  indicates  that 
the  AO  is  still  active. 

Aged  in  Cable  Pilling  Coipound  A  I  65'C:  As  noted  above  in  the  cases  of 
HDPB  and  HOPS  rapid  reduction  in  the  O.I.T.  of  PP  occurs  during  the 
first  2  weeks  of  exposure  to  Coipound  A.  O.I.T.  data  indicates  that  the 
filling  operation  has  less  effect  on  solid  PP  versus  the  cellular 
later i als .  The  O.I.T.  for  PP  prior  to  filling  is  dt  iinutes  for  Blue 
insulation  and  97  iinutes  for  Brown  insulation,  after  filling  the  O.I.T. 
is  71  iinutes  and  5(  iinutes  for  the  Blue  and  Brown  respectively.  The 
O.I.T.  of  PP  aged  in  Coipound  A  has  retained  essentially  constant 
between  2  weeks  and  20  lonths  exposure  tiie  at  65'C.  O.l.T.'s  of  5 
iinutes  and  (  iinutes  for  Blue  and  Brown  PP  insulation  respectively 
indicates  that  the  AO  is  still  active  and  offers  the  insulations 
protection  against  ox::ative  degradation. 

Aged  in  Cable  Pilling  Coipound  B  4  65'C:  The  observations  lade  for 
coipound  B  are  generally  the  sale  as  for  coipound  A.  The  lost  noticeable 

TAB  LB  II 


Cel  luj 

iirJDPB 

Blue 

Brown 

Initial  Dia.  (inches) 

0.037 

0.036 

Dia.  after  20  lonths  in  Air 

4  65'C  (inchesl 

0.036 

0.036 

Dia.  after  2D  lonths  in 

Coipound  A  4  65'C  (inches) 

0.038 

0.038 

Dia.  after  20  lontbs  in 

Coipound  B  4  65'C  (inches) 

0.038 

0.03T 

difference  in  the  behaviour  of  PP  insulation  in  Coipound  B  versus 
Coipound  A  ii  the  earlier  depletion  of  AO  as  a  result  of  aging  in 
Coipound  B  (both  Blue  and  Brown  specuens  exhibit  O.l.T.'s  of  less  than 
1  linute  after  only  1  lonths  in  Coipound  B  at  (5'C1. 

Speciiens  of  Solid  PP  aged  in  Coipound  B,  pigtailed  and  further  aged  in 
Air,  show  no  evidence  of  failure  after  1!  lonths  at  65'C. 

2.  Diiensional  Change 

The  change  in  the  dimeter  of  the  insulated  conductors  is  leisured  at 
regular  intervals  during  the  aging  period.  Dimeter  changes  observed  on 
specuens  aged  in  Air  was  considered  insignificant  and  witbin  nonal 
variation  for  products  lanufactured  on  a  high  speed  insulating  line. 
Dimeter  changes  observed  on  speciiens  aged  in  both  Coipound  A  »nd 
Coipound  B,  are  stall,  but  significant,  indicating  that  the  filiing 
compounds  or  components  of  the  filling  compounds  are  absorbed  by  the 
insulation  latermls.  Besults  are  given  in  Table  II. 

3.  PieiibiUty/Dielectnc  Strength 

HDPB  Cellular:  HDPB  Cellular  insulation,  both  Blue  and  Brown,  exhibits 
excellent  retention  of  Dielectric  Strength  even  after  20  lonths  at  65'C 
in  Air,  Coipound  A  and  Coipound  B.  This  excellent  retenticn  of 
Dielectric  Strength  suggests  that  the  flexibility  of  HDPB  Cellular 
retains  essentially  unaffected  after  20  lonths.  Befer  to  Figures  3,  B 
and  t  in  Appendix  2. 

HDPB  Cellular:  The  conents  nade  for  HDPE  Cellular  Insulation  above, 
hold  true  for  HDPB  Cellular.  See  Figures  H,  k  and  0  in  Appendix  2. 

Solid  PP:  Solid  PP  insulation,  both  Blue  and  Brown  exhibits  excellent 
retention  of  Dielectric  Strength  even  after  20  lonths  at  65'C  in  Air, 
Coipound  A  and  Coipound  B,  in  fact  insulation  aged  in  Coipound  A  h  P, 
show  a  large  increase  in  Dielectric  Strength .  This  excellent  retention 
of  Dielectric  Strength  suggests  that  the  flexibility  of  Solid  PP  does 
not  deteriorate  after  20  lonths.  liefer  to  Figures  P,  k  and  B  in  Appendix 
2. 

4.  Cracking  of  ‘Pigtail’  Specuens  after  Depletion  of  Antioxidant 
I  AO) 

Speciiens  of  insulated  conductors  which  have  reached  coiplete  depletion 
of  antioxidant  were  ’pigtailed'  and  are  being  aged  in  air  at  65’C,  very 
linted  data  is  available  at  this  stage.  At  this  writing  no  cracking  of 
the  insulations  being  aged  after  depletion  of  antioxidant  has  been 
observed.  The  data  is  summed  in  Table  III. 


Cellular  HDPB  Solid  PP 


Biue 

0.038 

Brown 

0.026 

Blue 

0.0(3 

Brown 

0.043 

0.036 

0.036 

0.0(4 

0.044 

0.040 

0.0(0 

6.0(5 

0.0(5 

0.340 

0.036 

0.0(5 

0,0(5 
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Cellular  BDPS  Cellular  m?t  Solid  PP 

Insulation  Type  Blue  Broun  Blue  Broun  Blue  Broun 

S|ed  in  Sir  1111  11 

Sled  in  Coipound  A  1111  11 

Aged  in  Coipound  8  1213  1  < 

1  :  Tests  not  started,  coiplete  depletion  of  SO  has  not  been  reached. 


2  :  Ho  cracking  after  8  lonths,  test  continuing. 

3  c  Ho  cracking  after  2  lonths,  test  continuing. 

4  -  Ho  cracking  after  13  lonths,  test  continuing, 

conclusion: 

A  lethod  for  evaluating  stability  and  perforiance  of  pol jo lef in 
insulations  in  filled  cable  sjsteis  has  been  developed.  This  letbod  does 
not  require  the  use  of  completed  cables  and  is  useful  for  qualification 
of  insulations  and  filling  coipounds  or  their  combinations.  The  use  of 
dielectric  strength  failure  to  detenine  the  onset  of  crack  formation  in 
the  insulation  enhances  the  accuracy  of  deteriinat ion  of  failure  point 
and  will  provide  a  lore  realistic  prediction  of  service  life  of  the 
systei.  Aging  of  insulations  after  depletion  of  antioridant  is 
continuing,  results  so  far  suggest  that  there  is  indeed  life  after 
coiplete  depletion  of  the  antioxidant. 
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Jr;  i'.nrof'-  *r:d  the  b?!  :.he  Current  trend  is  for 
softer  anti  i'ter  e.;inj. -our. dr  for  use  as  tube 
fillers  ir.  leal  fibre  transmission  cables. 

The  rest*.;  t  U.ic  trend  i.-~  that  conventional 

tochr.  Tju;*:-  :\.-r  the  character  1  sat  ion  of  the 
C'V-r.j.-  Linds  ar--  r.  r:^er  effee t i.ve .  We  believe  that 
far  mere  i  i.  JV  rir.ati <  .r.  ear;  be  obtained  on  these 
"oiupeni.-i;-  by  the  use  of  a  cunt  ro^ed  strerr 
r ret or .  Tr:i:i  ins  brume:.*  n  1  lows  the  measurement. 
c  f  raram**t'jrs  that  not  only  fully  charge!  eri se  hut 
als"  ]r*oiet  the  pr ntr  and  "ir;  t  jo*-" 
pc  ri'crrr.a  of  v^ry  coft  fill  in,'  (•..mpeurds . 

hhc' .  I  f  >*: ; cal  men.iuremen •  i  inf  a  controlled  stress 
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Measurements  were  made  initially  or;  the  three  base 
oils_yver  the  range  of  shear  rage  from  JO  to  1000 
sec  .  The  results  are  presented  ii.  Fig  l. 

Whilst  the  mineral  oil  and  polybutene  behave  as  a 
Newtonian  Fluid,  the  polyalphaolet in  shows  a 
slight  viscosity  change  over  the  range  of  shear 
rate . 

The  flow  curve  for  a  typical  gel  shown  in  Fig  1. . 
shows  a  far  more  significant  change  in  viscosity, 
reduced  by  a  factor  of  100  by  the  shearing  action. 
At  high  shear  rates,  the  gel  viscosity  approaches 
that  of  the  base  oil.  In  fact,  one  would  not 
expect  the  gel  viscosity  to  reach  the  base  oil 
viscosity  due  to  the  thickening  effect  of  an  inert 
particulate  filler. 

Plow  curves  for  the  silica  gelled  compounds  and 
the  associated  base  oils  ai?  shown  in  Fig.  3.  It 
is  noted  that  whilst  the  mineral  oil  and 
polybutene  based  gels  show  parallel  curves,  the 
gelled  polyalphaolef in  curve  has  a  steeper 
gradient,  indicating  a  gieater  sensitivity  u 
sheer. 

A  possible  cause  for  this  effect  is  that  both 
mineral  oil  and  polybutene  contain  at  a  wide 
distribution  of  carbon  numbers,  wh^'-eas 
polyalphaolef in  is  a'verj  narrow  cut1  material, 
which  may  interact  differently  with  the  silica 
gel lant . 

The  flow  curve  technique  can  be  taken  a  stage 
further  by  applying  linearly  reducing  stress. 
Aaain,  the/  angular  velocity  is  sampled  on  hundred 
times  over  a  further  one  minute  time  period  to 
produce  information  on  the  recovery 
character istxcs  ot  the  material.  A  flow  and 
associate d  recovery  curve  is  shown  u,  Pja  4. 
If  viscosity  were  solely  dependant  >n  shear,  i.e: 
pseudopiast.  ic ,  the  recover  y  curve  would  be 
superimposed  on  the  flow  curve.  Heie,  the 
recovery  characteristic*  has  the  additional  element 
of  time  dependency.  Tm :  time  dependant, 
pseudoplastic  nature  is  known  as  thixotropy. 

Fiuw  and  r.*o*,*ery  curves  for  the  silica  gelled 
compounds  ar*‘  shown  in  Fig  .  .  All  show  a  similar, 
j  a  l  1 1  a  1  r  *;•  *.  «  -ve  r  y  e  f  f  ec  t  . 


« 


« 


« 
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The  second  gelling  system  investigated  was  the 
combination  of  pyrogenic  silica  with  a  thixotropy 
modifier.  A  comparison  of  a  mcdiiied  gel  with  its 
unmodified  version  and  base  oil  shawr.  m  Fig  6. 
The  two  systems  show  parallel  flow  curves 
suggesting  that  the  sensitivity  t.e  shear  has  ;.c  * 
been  affected.  However,  the  modified  system  snows 
a  lower  overall  viscosity,  and  ~:.der  the 
conditions  of  this  experiment  (i.e.  ;o:.t  rolled 
stress  reduction)  shows  r.o  recovery.  I:.  fact  the 
material  does  recover  but  not  within  the  timesuait 
of  this  experiment.  Recovery  characteristics  are 
examined  in  more  detail  in  a  later  experiment. 

The  complete  series  of  modified  gels  is  presented 
in  Fig  7.  All  flow  curves  show  a  similar  gradient 
to  the  unmodified  gels,  indicating  no  change  m 
shear  sensitivity  but  the  recovery  curves  all  shew 
a  significant  increase  in  the  time  dependant 
factor . 

The  third  gelling  mechanism  investigated  was 
produced  by  gelling  the  base  oils  with  a  small 
percentage  of  low  density  polyethylene.  This  type 
of  gel  is  designed  to  be  processed  at  arcund  120°C 
and  therefore  flow  measurements  made  at  ambient 
temperature  do  not,  in  this  case,  represent 
processing  conditions,  but  have  been  included  to 
show  the  characteristics  of  the  material.  Flow 
and  recovery  properties  are  shewn  in  Fig  8.  All 
three  gels  behave  in  a  similar  manner  showing  a 
reduction  in  viscosity  on  shearing  and  a  small 
degree  or  recovery.  A  further  experiment  was 
carried  out  on  this  group)  of  materials  in  which 
the  sample  was  applied  at  120 °C  and  allowed  to 
cool  in  contact  with  the  measuring  head.  Flow 
curves  produced  u y  this  method  are  presented  in 
Fig  9.  A  higher  initial  viscosity  and  a  greater 
degree  of  shear  thinning  was  evident  along  with 
greater  recovery.  These  findings  support  the 
theory  that  the  rheological  properties  of  this 
type  of  material  are  highly  dependant  on  the  shear 
history  of  the  sample  and  can  be  reconstituted  on 
heating  above  the  melting  point. 


The  ir.fcri:..‘.t ior.  or.  recovery  properties  generated 
by  the  previous  technique  i3  very  limited.  There 
are  alternative  techniques  for  assessing  recovery, 
one  such  is  described  here.  The  sample  was 
pte-sheared  at  a  high  shear  rate  (IOC  5  sec  1 ) 
until  a  constant  viscosity  reading  was  obtained. 
At  th  s  point  the  stress  wus  removed,  and  the 
measurmc  head  allowed  to  reach  equilibrium.  .i.e. 
stationary).  As  sr.cn  as  equilibrium  was  reached 
(after  about  15  seconds)  a  very  low  constant 
stress  was  applied  and  the  angular  velocity  of  the 
measuring  head  recorded  over  an  extended  ’■me 
period . 


From  these  results,  a  graph  of  viscosity  building 
with  time  was  plotted.  An  example  of  this  is 
shown  in  Fig  10.  Ir.  this  example,  taking  the  time 
for  a  ten  told  viscosity  mc'-ease,  the  recovery 
time  for  the  modified  silica  gelled  system  is 
doubled,  compared  to  silica  only  analogue.  This 
technique  wuo  found  to  have  two  limitations. 
Firstly,  some  materials  tested  recovered  within 
the  15  second  equiiibr  iat  ir.g  period,  ana  there  foie 
no  absc  lute  measurements  c^uli  be  made.  J-ccr.dly, 
the  need  tc  apply  some  shear,  however  small,  may 
delay  or  inhibit  recovery  of  part '  cular ly  shear 
sensitive  materials.  Further  results  are  shown  in. 
Fig  11  cr.  a  modified  tire  base  scale  to  include 
the  delay  period.  The  limitations  are  highlighted 
by  the  polyalphaoiel  ir.  based  gels  recover  mg 
within  id  seconds  and  the  modified  silica  gelled 
mineral  oil  shewing,  as  m  previous  experiments, 
no  recovery  under  stress. 

Owing  tc  the  shear  history  phenomena  experi  .-need 
with  the  polyethylene  gelled  cy stems  it  wa-  felt 
beyond  the  scope  of  this  paper  to  include  them  ir. 
this  experiment. 


2.  Low  Shear  hate 

Investigation  of  flow  at  i  -datively  high  shear 
rates  and  of  recovery  within  a  relatively  short 
time  period  were  an  atten.pl  to  assess  the 
processing  characteristics  cf  the  tilling 

compound . 

A  further  investigation  was  required  to  assess  the 
character istics  of  the  filling  compound  under 

service  conditions.  The  object  f  loose  tube 

construction  is  tc  allow  free  r  ivement  of  the 
fibre  in  the  event  of  the  cable  being  distorted. 
To  achieve  free  movement,  the  filling  compound 
must  exhibit  little  resistance  to  cut  through  or 
exhibit  a  high  c orcp  liar,  ce  . 

Measurements  of  very  low  shear  rate^  were  mad*.  Ly 
means  of  a  creep  technique.  A  series  of  1C  stress 
levels  wuH  applied  to  the-  sample  in  turn,  each 
after  an  ecuilibriat ing  period.  These  stress 

levels  were  in  fact  below  the  measured  yield 
stress  of  the  material.  A  deviation  ... :  the 
measuring  head  with  tine  was  recorded  for  each 
stress  level.  Or.  compiling  this  data  a  graph  of 
viscosity  against  shear  rate  was  produced.  An 
example  of  such  is  shewn  in  Fig  b.  Such 
measurements  are  beyond  the  scope  of  conventional 
ecu  ipmer.t . 

Fig  12  shows-  a  era;  h  of  the  combined  low  shear 
high  shear  results  and  cem.cn st rates  a  very 
agreement  between  the  two  methods. 

Fig  14  and  Fig  15  show  the  results  obtained  from 
low  shear  measurement <;  cr.  the  mo.liii.td  siliva  c«:ls 
a  r.o  the  polymer  cels.  Although  not  m  a.-  -rent 
detail,  t  h  central  trend  i  evident  that  all 
*•  yp  e  s  ■  f  gt  1  eXar  ;:.~d  here  exhibit  ex  t  r  i  y  h;ch 
viscosities  at  low  -h ---a r  rates. 
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At  very  low  shear  rates  such  as  may  be  incurred  by 
thermal  expansion  of  the  cable  it  is  likely  that 
the  fibre  doesn't  actually  cut  through  these  types 
of  gel,  but  instead  is  held  firmly  in  place.  Some 
would  agree  this  an  advantage  in  that  the  fibre 
remains  buffered  while  others  would  suggest  this 
is  a  fh  “advantage  in  that  the  fibre  has 
restraining  forces  exerted  on  it. 

4 .  Creep 

Until  this  point  we  haw  examined  the  viscous 
properties  of  the  material  If  we  are  to  suppose 
that  at  low  shear  rates  thk  fibre  does  not  cut 
through  the  gel  but  is  allowed  to  move  by 
temporary  deformation,  then  we  must  examine  the 
elastic  properties  of  the  gel. 

One  technique  for  measuring  such  properties  is 
called  Creep  in  which  a  constant  known  stress  is 
applied  to  the  mater  .a)  under  test  and  the 
resultant  strain  measured.  The  strain  is  measured 
by  monitoring  angular  displacement.  In  practice  a 
plo^  of  compliance,  which  is  the  ratio  of  strain 
to  stress,  against  time  is  obtained.  Fig  16  shows 
a  compliance  curve  one  would  expect  for  a  material 
that  exhibits  a  viscoelastic  response  at  low 
stress.  As  can  be  seen  when  the  stress  is  removed 
there  is  a  partial  recovery  back  to  the  original 
state. 

Fig  17  shows  a  compilation  of  the  compliance 
curves  obtained  on  the  materials,  as  can  be  seen 
the  majority  show  classic  viscoelastic  behaviour 
at  low  stress.  The  significance  of  tnese  results 
to  the  cable  maker  and  the  performance  of  an 
optica)  fibre  cable  is  difficult  to  assess  and  is 
beyond  the  scope  cf  this  paper. 

Conclusions 


The  flow  data  obtained  for  each  of  the  nine 
compounds  gives  a  more  re’iable  and  detailed 
characterisation  of  very  soft  tube  filling  compound 
than  cone  penetration. 

To  fully  utilise  the  low  shear  rate  and  compliance 
data  generated  by  the  controlled  stress  rheometer 
more  work  is  required  to  assess  the  levels  of 
she.  r  stress  and  shear  rate  fibres  exert  on 
compounds  during  the  normal  service  cf  an  optical 
fibre  cable. 
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TABLE  1 
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TABLE  2 


Table  2  gives  the  physical  characteristics  normally  available  on  compounds 
of  this  type. 
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1.  ABSTRACT 

A  -  imple,  repeatable  test  method  to  measure  filling  compound 
oil  separation  and  predict  cable  drip  performance  was 
developed.  The  results  of  room  temperature  and  elevated 
temperature  oil  separation  testing  on  1 1  filling  compounds 
showed  high  correlation  with  drip  test  results.  Threshold 
values  of  oil  separation  above  which  loose  tube  cable  drip 
failures  will  likely  occur  were  found  to  be  2%  separation  at 
23°C,  and  15%  separation  at  65°C  and  W)°C.  Coupled  with 
other  rheological  testing,  this  oil  separation  test  can  greatly  aid 
in  the  understanding  of  filling  compound  behavior  and  the 
development  of  improved  compounds  ttnd  cables. 

2.  INTRODUCTION 

2.1  BACKGROUND 

A  key  component  of  loose  tube  optical  cable  designs  is  the 
filling  compound  (also  referred  to  as  the  flooding  or 
waterblocking  compound).  Most  optical  cable  filling 
compounds  are  composed  of  blends  of  some  of  the  following 
materials:  natural  or  synthetic  oils,  petrolatum,  waxes,  gels, 
polymers,  silicone  oils,  thickening  agents,  and  thixotropic 
agents.  Tilling  compounds  should  act  to  prevent  the  intrusion 
of  water  and  other  liquids  into  the  cable,  be  non-volatile  and 
non-reactivc  with  cable  materials,  and  be  relatively  stable 
across  the  cable  operating  temperature  range. 

Since  filling  compounds  in  fiber  optic  cables  are  composed  of 
waxes,  oils,  and  relatively  low-molecular-weight  polymers 
which  can  change  consistency  quickly  at  different  temperatures 
and  since  optical  cables  tire  often  required  to  perform  at 
temperatures  above  60°C  cables  are  required  to  pass  filling 
compound  drip  (or  flow;  tests.  In  tests  of  this  type,  segments 
of  optical  cables  (30  cm  to  50  cm)  are  vertically  suspended  i  i 
circulating-air  ovens  at  elevated  temperatures  for  a  period  .  0 
time  and  monitored  for  filling  compound  How:  any  amount  ol 


filling  compound  dripping  from  the  cable  samples  constitutes  a 
failure  in  these  tests. 

2.2  CARLE  DRIP  TESTING  DETAILS 

While  many  cable  compound  flow  or  drip  tests  are  used  in  the 
optical  cable  industry,  three  of  the  most  widely  used —  Bell 
Communications  Research  (Bellcore)1-,  GTE3  and  Rural 
Electrification  Administration  (REA)4  —  are  detailed  in  Tahle 
1.  Prepared  cable  test  segments  are  displayed  in  Figure  1. 
The  highest  test  temperature  encountered  was  the  80°C 
specified  in  REA  PE-90. 


FIGURE  1  —  CABLE  DRIP  SAMPLES 


Duct  Armor  REA 
BELLCORE 
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LI  RATIONALE  FOR  A  DRIP  SCREEN  TEST 

Because  of  time  and  resource  considerations,  it  is  difficult  to 
justify  manufacturing  lengths  of  fiberoptic  cable  for  the  sole 
purpose  of  drip  testing  a  new  filling  compound.  It  is  desirable 
to  establish  a  high  probability  that  a  given  filling  compound 
will  pass  all  required  drip  tests  before  optimizing  the  many 
other  processing  variables  needed  to  produce  a  high  quality 
fiber  optic  cable.  Thus,  a  number  of  test  procedures  have  been 
developed  to  eliminate  from  consideration  those  compounds 
likely  to  fail  when  tested  in  cabled  form. 


Another  test  procedure  cited  by  filling  compound 
manufacturers  is  the  "cone  bleed"  test.  In  this  test,  a  100-ml 
filling  compound  sample  is  placed  in  a  cone-shaped  sieve, 
initially  weighed,  and  subjected  to  an  elevated  temperature. 
The  apparatus  is  cooled  and  reweighed,  and  the  weight 
difference  is  reported  as  percent  of  the  initial  weight;  the 
volume  of  oil  collected  under  the  cone  can  also  be  measured 
and  reported.  The  results  of  this  one-sample-at-a-time  test  are 
very  dependent  on  the  method  used  to  fill  the  cone.  Also,  the 
sieve-cone  can  retain  some  oils  more  than  others,  contributing 
to  misleading  results. 


Testing  unjacketed,  filling-compound-containing  cable  compo¬ 
nents  —  rather  than  segments  of  jacketed  cables  —  is  one  way 
to  screen  filling  compounds  for  drip  test  performance.  These 
samples  can  be  prepared  and  tested  per  the  procedures  detailed 
above;  results  are  very  similar  to  finished  cable  samples  tested 
in  the  same  manner.  However,  producing  buffer  tubes  or  cable 
core  units  still  requires  a  significant  amount  of  processing  time 
and  materials  cost.  A  more  suitable  screening  procedure 
would  test  some  measurable  filling  compound  characteristic 
which  could  be  correlated  to  actual  cable  drip  performance. 


The  oil  separation  test  described  in  the  following  sections  is  a 
simple,  repeatable  test  which  can  be  performed  on  fiber  optic- 
cable  filling  compounds  with  common  laboratory  equipment. 
Sample  preparation  consists  of  obtaining  and  dispensing  a 
blended,  deaired  sample  of  filling  compound.  The  test  can  be 
conducted  at  a  variety  of  elevated  temperatures  and  many 
samples  can  be  tested  simultaneously.  Results  are  obtained 
within  48  hours. 


A  test  procedure  based  on  ASTM  D-1742,  "Oil  Separation 
from  Lubricating  Grease  During  Storage"  5,  was  reported  in 
the  1987  IWCS  proceedings.6  In  this  procedure,  a  small 
container  holding  a  sieve-strainer  full  of  compound  is  placed 
under  pressure  an  elevated  temperature.  The  amount  of  oil 
separating  from  the  bulk  of  the  material  is  weighed  after  the 
test  completion.  A  high  correlation  was  reported  betwee-’ 
results  of  this  test  and  cable  compound  flow  tests;  however, 
this  one-sample-at-a-time  procedure  was  designed  for  copper 
cable  filling  compounds. 


3.  EXPERIMENTAL  PROCEDURES 

3.1  OIL  SEPARATION  TEST  DETAILS 

Equipment  —  In  addition  to  a  thoroughly  mixed  and  deaired 
sample  of  the  filling  compound  tested,  the  following 
equipment  was  used  to  conduct  oil  separation  tests;  10-ml 
disposable  syringes.  1 1-cm  diameter  Type  I  Whatman  fiber 
paper,  Pyrex  watchglasses  (12-cm  diameter),  600-ml  Pyrex 
beakers,  lab  spatula,  analytical  balance  (accurate  to  ±0.0001 


TABLE  1:  DRIP  TF.ST  PROCEDURES 


TEST  CONDITION 

BELLCORE 

GTE 

REA 

Sample  Length: 

30  cm 

50  cm 

>30  cm 

Exposed  Core  Length; 

13  cm  (unarmored) 

8  cm  (armored) 

5  cm 

8  cm 

Number  of  Samples: 

Not  specified 

Not  specified 

3 

Cap  Unprepared  End?: 

Optional 

No  caps 

Optional 

Test  Temperature: 

65°C±2T 

fO'C  ±  2’C  (tube  tilling: i 
7(fC  ±  2‘C  (core  flooding 

Ml  Or  1  (' 

Preconditioning  Time: 

72  hours  (optional ) 

None 

None 

Test  Time: 

24  hours 

24  hours 

24  hours 

Failure  Criteria: 

No  drips  (<10)  wt. 
in  preconditioning) 

No  drips 

No  drips 
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gram),  tweezers,  scissor,,  and  circulating-air  ovens  set  to  the 
test  temperature  (±  1°C). 

Procedure  —  The  mixed  and  deaired  filling  compound  was 
loaded  into  a  syringe  with  a  lab  spatula.  Care  was  taken  to 
prevent  introducing  air  bubbles  into  the  compound.  After  the 
syringe  was  filled,  the  plunger  was  replaced  and  slowly 
depressed  until  compound  flowed  from  the  syringe. 

One  1 1-cm  circle  of  filter  paper  was  weighed  on  the  analytical 
balance  (all  weights  to  ±  0.0001  gram)  and  placed  onto  a 
labeled  Pyrex  watchglass. 

A  number  of  2.6-cm  (±  0. 1  cm)  squares  were  cut  from  another 
piece  of  filter  paper  with  scissors.  One  of  the  2.6-cm  squares 
was  weighed  on  the  analytical  balance.  After  the  weight  was 
recorded,  1  ml  of  filling  compound  was  applied  from  the 
syringe  onto  the  center  of  the  square  (in  a  circular  dab  with 
approximately  a  0.5-cm  space  between  the  sample  and  any 
edge).  The  1-ml  volume  dispensed  was  measured  by  reading 
the  graduations  printed  on  the  syringe.  Using  tweezers,  the 
sample-containing  square  was  weighed.  Care  was  taken  to 
prevent  moisture,  skin  oils,  and  other  foreign  particles  from 
contaminating  the  sample  and  affecting  the  results. 

Immediately  after  the  sample-containing  square  was  weighed 
it  was  placed  in  the  center  of  the  filter  paper  circle,  which  had 
been  previously  weighed  and  put  on  the  watchglass.  The 
watchglass  was  then  covered  with  an  inverted  600-ml  beake' 
and  remained  at  room  temperature  (23°C  ±  1°C)  for  24  hours. 

If  additional  samples  were  to  be  tested  concurrently,  they  were 
prepared  in  the  manner  described  above.  It  was  found  that 
one-at-a-time  sample  preparation  enhanced  test  repeatability 
when  compared  to  "assembly  line"  sample  preparation.  A 
minimum  of  4  samples  of  each  compound  were  prepared  for 
each  test  temperature. 

At  the  end  of  24  hours  at  room  temperature,  the  beaker  was 
removed  and  the  sample-containing  square  and  the  filter  paper 
circle  were  separately  weighed.  After  the  weights  were 
recorded,  both  were  replaced  on  the  watchglass  and  the 
apparatus  was  transferred  to  a  preheated  circulating-air  oven  at 
the  desired  temperature.  The  watchglass  was  again  covered 
with  the  600-ml  beaker  and  left  undisturbed  for  24  additional 
hours  in  the  oven. 


At  the  end  of  the  additional  24  hours,  the  watchglass  assembly 
was  removed  from  the  oven  and  allowed  to  cool  on  a  marble 
surface  for  approximately  5  minutes.  The  sample-containing 
square  and  filter  paper  circle  were  again  separately  weighed, 
and  the  results  recorded.  After  noting  any  unusual  visible 
changes  in  the  sample,  the  sample  and  filter  paper  were 
discarded.  The  watchglass  and  beaker  were  cleaned  with  a 
solvent  prior  to  any  future  testing. 

Calculations  —  During  the  course  of  the  test  procedure, 
sample  identification  and  analytical  balance  weights  were 
recorded  in  a  laboratory  notebook.  Upon  completion  of  a  test, 
this  information  was  then  entered  into  a  spreadsheet  program 
running  on  a  minicomputer  to  facilitate  data  analysis.  The 
following  designations  were  used  for  the  weighing  results: 

WT  1  =  filter  paper  square  weight 

WT  2  =  initial  weight  ot  sample-containing  square 

WT  3  =  initial  weight  ot  tiller  paper  circle 

WT  2A  =  post  24  hrs  at  23'C  sample-square  weight 

WT  3A  =  post  24  hrs  at  23°C  filter  paper  circle  weight 

WT  2B  =  sample-square  wt  alter  24  hrs  at  elevated  temperature 

WT  3B  =  filler  paper  circle  wt  after  24  hrs  at  elevated  temperature 

The  following  calculations  were  made  for  each  sample  using 
the  weights  as  listed  above  (bracketed  numbers  are  used  to 
indicate  the  value  of  previous  calculations  —  e  g.  [1.1]  refers 
to  the  numeric  result  of  equation  1.1  below).  All  calculated 
results  were  reported  to  the  nearest  0.1  %  separation. 

11  Initial  Sample  Weight  =  (WT  2)  -  (WT  1 ) 

1 . 2  23'C  Sample  Weight  Loss  =  (WT  2)  -  ( WT  2A) 

1.3  %  Weight  Loss  at  23'C  =  [1.2]  •  100  <-  [1  1] 

1 .4  23‘C  Filter  Paper  Circle  Weight  Gain  =  (WT  3A)  -  (WT  3) 

1  5  23'C  Volatile  Weight  Loss  =  [1  2]  -  [1  4]  it  >  0 

23'C  Volr.ile  Weight  Loss  »  0  if  [1.2]  -  [1.4]  <  0 

1 .6  %  Volatile  Weight  Loss  at  23‘C  =  [1.5]  100  +  [1.1] 

1.7  %  Nonvolatile  Weight  Loss  at  23'C  =  [1.3]  -  [1.6] 

1 .8  T°C  Sample  Weight  Loss  =  (WT  2)  -  (WT  2B) 

1 .9  %  Weight  Loss  at  T:C  =  [1.8]  100  *-[1.1] 

110  T'C  Filler  Paper  Circle  Weight  Gain  -  (WT  3B)  -  (WT  3) 

1  11  T  ’C  Volatile  Weight  Loss  =  [1 .8]  -[1.10]  if  >0 
T’C  Volatile  Weight  Loss  =  0  it  [1.8]  -  [1  10]  <  0 
112  %  Volatile  Weight  Loss  at  T'C  =  [1.11]  100  [1  1] 

1  13  %  Nonvolatile  Weight  Loss  at  T’C  =  [1.9] -[1.12] 

(In  1  8  to  1  13,  T  indicates  the  elevated  test  temperature.) 
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Sample  Preparation  —  buffer  tube  samples  were  produced 
with  standard  tube  materials  on  standard  equipment.  The  tube 
inner  diameter  was  2.0  mm.  The  tubes  were  filled  in  the 
standard  method  with  filling  compound  and  12  colored  fibers. 

Procedure  —  After  a  100-meter  length  of  filled  buffer  tube 
was  produced,  samples  were  prepared  bv  cutting  the  tube  into 
_i0-cm  segments.  These  segments  were  vertically  suspended 
over  glass  dishes  in  a  circulating-air  oven;  the  samples  were 
secured  near  the  bottom  to  prevent  them  from  excessive 
motion  caused  by  the  oven  fan.  Two  sets  of  samples  were 
prepared  for  each  filling  compound  —  one  set  was  tested 
according  to  the  Bellcore  65 °C  drip  procedure,  the  other 
according  to  the  REA  8()°C  procedure.  No  preconditioning 
cycles  were  used,  and  failures  were  determined  as  outlined  in 
the  test  procedures. 


separation  (including  volatiles)  and  are  reported  as  a  percent  or 
the  initial  sample  weight.  The  drip  test  resulis  are  reported  as 
the  percent  ot  all  buffer  tube  samples  which  failed  the 
respective  drip  test. 

4.2  CORRF.I.ATION  OF  TESTS 

Table  3  contains  the  results  of  correlation  calculations 
perfomied  on  the  data  shown  in  Table  2.  The  relatively  high 
degree  of  correlation  indicates  that  oil  separation  test  results 
can  be  used  to  predict  drip  test  results  with  good  success. 


KK 1  lUIHHWM  lUtllJCl  IXf 


The  test  results  for  11  different  filling  compounds  are 
displayed  in  Table  2.  All  oil  separation  results  are  for  total 


65°C  Oil  Separation  &  65°C  Drip  Failures:  0.90 

80°C  Oil  Separation  &  80°C  Drip  Failures:  0.86 

23°C  Oil  Separation  &  65CC  Dnp  Failures:  0  70 

23°C  Oil  Separation  &  80'C  Drip  Failures:  0.69 

23  ~C  Oil  Separation  &  65rC  Oil  Separation:  0.88 

23°C  Oil  Separation  &  8(FC  Oil  Separation:  0.79 


FILLING 

COMPOUND 

23CC 
%  SEP. 

65°C 
<7c  SEP. 

65"C  DRIP 
r/r  FAILURE 

80-C 
'r  SEP. 

80 'C  DRIP 

FAILURE 

A 

0.0 

0.0 

0 

0.0 

0 

B 

0.4 

1.0 

0 

0.0 

0 

C 

0.4 

8.0 

0 

1  1.4 

0 

D 

0.8 

5.6 

0 

16  4 

0 

F 

2.0 

10.8 

0 

14.3 

V? 

F 

1.7 

18.8 

20 

36  4 

40 

G 

2.4 

17,6 

67 

20.7 

73 

II 

6.0 

32.0 

100 

34.0 

100 

I 

12,1 

22.0 

25 

23.0 

35 

J 

13.1 

41.4 

90 

45.0 

100 

K 

28.5 

50.0 

100 

54  2 

100 

All  drip  tests  conducted  on  1 

2-fiber  tubes  of  2  Omm  inner 

diameter;  no  (ftps 

pra  auditioning 
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Based  on  studies  of  the  same  tilling  compounds  in  the  same 
lab  with  the  same  operator  at  different  times,  the  test 
repeatability  was  determined  to  be  within  +  12%  of  the 
separation  value.  The  greater  the  total  amount  of  separation 
was  for  a  compound,  the  greater  was  the  variability  in  test 
repetitions  —  this  may  reflect  the  fact  that  compounds  which 
tend  to  separate  to  a  greater  degree  are  inherently  less  stable 
and  can  be  greatly  affected  by  slight  handling  differences. 

4.4  TEST  REPRODUCIBILITY 

At  this  time,  no  round  robin  laboratory  studies  have  been 
undertaken  to  calculate  the  reproducibility  of  the  oil  separation 
test.  However,  non-statistical  comparisons  of  data  obtained 
from  in-house  and  from  filling  compound  suppliers  have 
shown  similar  results  fora  given  filling  compound. 

5.  DISCUSSION  OF  RESULTS 
5.1  GENERAL 

The  purpose  of  the  experimental  work  detailed  above  was  to 
develop  a  simple,  reliable,  and  repeatable  screening  test  for 
cable  filling  compound  drip  tests.  Based  on  the  correlation 
coefficients  contained  in  Table  3,  it  can  be  concluded  that  the 
oil  separation  test  can  be  used  to  accurately  predict  the  drip 
performance  of  loose  tube  fiber  optic  cables.  The  highest 
degree  of  correlation  —  0.88  average  for  both  elevated 
temperatures  —  was  obtained  when  the  oil  separation  test  was 
conducted  at  the  same  temperature  as  the  cable  drip  test.  A 
0.70  degree  of  correlation  was  obtained  when  the  23°C  oil 
separation  value  was  used  to  predict  elevated  temperature  drip 
performance. 

The  high  degree  of  correlation  is  especially  notable  when  the 
diverse  nature  of  the  filling  compounds  tested  in  this  study  is 
considered.  The  variety  of  compounds  ranged  from  silicone- 
based  systems  to  polyisobutylene-based  blends  to  petrolatums 
to  metallic  soap  compounds. 

Based  on  the  test  results  reported  in  Table  1,  two  threshold 
values  were  derived  as  upper  limits  for  an  oil  separation 
screening  test.  Compounds  which  separated  less  than  2%  at 
room  temperature  and  less  than  15%  at  65°C  or  80°C  were 
most  likely  to  pass  the  buffer  tube  compound  drip  tests  w  ith  a 
low  incidence  of  drip  failures. 


The  oil  separauon  test  results  are  dependent  on  the  handling  of 
the  filling  compound  prior  to  and  during  the  execution  of  the 
procedure.  Care  should  be  taken  to  mix  and  de-aerate  all 
filling  compounds  to  be  tested  and  compared  in  a  similar 
manner.  Also,  the  area  of  the  compound  touching  the  small 
filter  paper  square  should  be  similar  for  each  sample. 

When  predicting  the  drip  performance  of  filling  compounds  in 
a  loose  tube  cable,  it  is  important  to  note  that  oil  separation  is 
only  one  mechanism  by  which  a  compound  may  fail  a  drip 
test.  A  compound  with  a  low  viscosity  or  one  that  melts  near 
the  drip  test  temperature  may  not  exhibit  a  great  deal  of 
separation  and  still  fail  a  compound  drip  test.  The  cable 
designer  must  consider  the  total  chemical,  physical,  and 
rheological  aspects  of  a  filling  compound's  behavior  in  order 
to  produce  the  highest  quality  fiberoptic  cables. 

5J  _  RECOMMENDATIONS 

It  is  recommended  that  further  work  be  done  to  quantify  the 
reproducibility  of  the  oil  separation  test  procedure. 
Additionally,  investigating  the  effects  of  shear  and  temperature 
history  on  the  oil  separation  of  filling  compounds  may  also 
lead  to  a  better  understanding  of  long-term  filling  compound 
behavior. 

Predicting  drip  performance  of  filling  compounds  is 
complicated  by  the  wide  variety  of  test  procedures  currently  in 
use.  The  adoption  of  an  industry-wide  compound  drip 
procedure,  with  performance  requirements  closely  tied  to 
actual  and  measurable  cable  field  requirements,  could  simplify 
and  legitimize  the  entire  issue  of  cable  drip. 


6.  CONCLUSIONS 

An  oil  separation  test  procedure  was  developed  w  hich  can  be 
used  to  predict  the  filling  compound  drip  test  performance  of 
loose  tube  fiber  optic  cables  wtith  a  high  degree  of  correlation. 
The  test  is  simple,  repeatable,  uses  ordinary  laboratory 
equipment,  yields  results  in  48  hours,  can  be  conducted  on  a 
large  number  of  samples  simultaneously,  and  was  designed  to 
test  optical  cable  filling  compounds. 
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SUMMARY 

The  problem  of  water  ingress  into  direct  buried 
telephone  plant  is  reviewed  from  a  historical 
viewpoint.  Unsuccessful  attempts  to  solve  the 
problems  are  discussed  and  a  summary  of  the  dif¬ 
ferent  ways  in  which  water  can  enter  into  the 
hdrioB  plant  are  outlined.  The  four  main  leakage 
paths  are:  1)  Permeation,  2)  Leakage  through  the 
closure  to  cable  seal,  3)  Condensation  and  flood¬ 
ing  in  above  ground  pedestals,  4)  Leakage  through 
cable  and  service  wires.  The  solutions  to  these 
four  problems  are  presented  and  combine  the  fol¬ 
lowing  components:  1)  Service  Wire  Dams, 

2)  Service  Wire  Splices,  3)  Forced  Encapsulation, 
4)  Heat  Shrinkable  Outer  Sleeves,  5)  Heat  Shrinka 
ble  Splice  Caps  for  Pedestal  Closures.  Combina¬ 
tions  of  these  components  can  provide  a  highly 
watertight  system  for  any  type  of  direct  buried 
plant. 


INTRODUCTION 

When  "out  of  sight  plant"  was  first  conceived  as  a 
method  for  communities  to  beautify  their  areas  by 
removing  unsightly  overhead  telephone  cables,  the 
telephone  companies  were  still  using  pulp  insula¬ 
ted  lead  and  plastic  sheathed  cables.  Since  this 
type  cable  had  performed  well  in  the  aerial  and 
underground  environments,  it  was  assumed  by  the 
Dhone  companies  that  they  could  also  be  direct 
buried. 


THE  PROBLEM 

Unfortunately,  direct  burial  of  pulp  insulated  ca¬ 
bles  created  many  serious  problems  for  both  main¬ 
tenance  and  construction  crews.  The  overwhelming 
majority  of  these  problems  were  caused  by  water 
entering  the  cable  and  splices  and  saturating  the 
pulp  insulation.  The  water  changed  the  dielectric 
properties  of  the  insulation  creating  problems 
with  noise  and  ultimately  dead  shorts. 


practices  would  be  necessary  to  bring  about  more 
significant  improvement. 

The  first  major  change  was  introduction  of  filled 
cable,  but  while  filling  compounds  reduced  the 
flow  of  water  in  the  cable,  the  splices  continued 
to  accumulate  water  in  the  wet  areas  where  they 
were  direct  buried. 

The  next  step  was  to  attempt  to  prevent  water 
entry  into  the  splice.  Three  methods  were  used: 

1)  Petroleum  jelly  was  injected  into  the  clo¬ 
sure. 

2)  Re-enterable  polyurethane  encapsulants  were 
gravity  poured  into  the  closures  and  allowed 
to  cure. 

3)  The  splice  was  removed  from  the  buried 
environment  and  placed  in  an  above  ground 
pedestal. 

This  latter  method  had  the  further  advantage  of 
making  splices  more  readily  accessible  while  still 
maintaining  the  aesthetic  advantage  of  eliminating 
overhead  plant. 

Despite  these  precautions,  however,  a  high  rate  of 
trouble  due  to  ingress  of  water  into  the  direct 
buried  closures  and  even  the  pedestal  closures  con 
tinued  to  be  a  problem.  Product  troubles  added  to 
the  overall  problem  and  created  other  difficulties 

A  detailed  analysis  of  the  problems  led  to  several 
pertinent  conclusions.  Water  can  enter  the  clo¬ 
sure  by  a  number  of  different  paths: 

1)  Permeation  through  the  closure. 

2)  Leakage  through  the  seal  between  the  closure 
and  cable. 

3)  Through  condensation,  leaking  or  flooding 
into  the  above  ground  pedestals. 

4)  Leakage  through  the  cable  and  service  wires. 


With  the  development  of  Plastic  Insulated  Conduc¬ 
tor  (PIC)  cables,  the  pulp  cables  were  replaced 
and  it  was  assumed  this  would  solve  the  problem 
since  the  dielectric  properties  of  polyethylene 
are  unaffected  by  moisture.  However,  the  problems 
persisted  even  though  there  was  some  improvement. 
At  this  point,  it  was  realized  by  the  telephone 
companies  that  substantial  changes  in  existing 
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THE  SOLUTION 


1)  The  permeation  problem  is  not  a  significant 
factor  and  as  a  precautionary  matter,  a  metalfoil 
permeation  barrier  is  almost  always  included  as 
part  of  a  non-metallic  closure  to  insure  that 
water  does  not  enter  through  the  closure  itself. 

2)  Leakage  through  the  seal  between  the  closure 
and  the  cable  is  one  of  the  major  sources  of  water 
entry  into  the  closures.  The  advent  of  heatshrink 
technology  has  provided  the  most  reliable  and  ver¬ 
satile  cable  to  closure  sealing  method  and  virtu¬ 
ally  eliminated  this  problem.  The  combination  of 

a  shrinkable  outer  sleeve  in  combination  with  the 
hot  melt  adhesive  coated  onto  the  sleeve  which 
melts  and  bonds  to  the  cable  during  installation 
provides  an  effective  and  long  lasting  seal. 

3)  The  solution  to  the  pedestal  closure  problem 
also  can  be  found  in  the  use  of  a  heatshrinkable 
system.  Butt  Closures  in  the  form  of  a  long  cap 
with  a  shrinkable  lower  part  can  be  placed  over 
the  splice  bundle  inside  the  pedestal.  When  the 
lower  portion  of  the  cap  is  shrunk  onto  the  jacket 
of  the  entering  cables,  an  effective  seal  against 
condensation,  leaking,  flooding,  UV  and  oxidative 
degradation  is  affected  again  by  means  of  hot  melt 
adhesives  coated  onto  the  shrinkable  portion  of 
the  cap.  These  caps  can  be  reentered  and  reused. 

4)  Finally,  the  problem  of  leakage  through  the  ca¬ 
bles  itself  is  addressed  by  use  of  the  technique 
known  as  forced  encapsulation.  In  this  technique, 
a  re-enterable  polyurethane  encapsulant  is  con¬ 
tained  in  a  plastic  bag  which  is  placed  around  the 
splice  bundle  and  sealed  onto  the  opposite  ends  of 
the  cable  opening.  This  bag  is  then  compressed  by 
means  of  an  outer  wrapping  technique  which  squeez¬ 
es  the  encapsulant  around  the  conductors  and  con¬ 
nectors  into  the  core  of  the  splice  and  even  into 
the  cable  core  and  most  importantly  between  the 
terneplate  and  the  outer  jacket.  This  added 
pressure  forcing  the  encapsulant  into  all  voids  is 
the  solution  to  the  problem  which  occurs  in  all 
gravity  poured  closures. 

While  the  previous  methods  provide  solutions  to 
the  problem  of  entry  of  water  into  the  main  cable 
and  splices  in  buried  plant,  there  is  one  further 
entry  path  into  buried  plant:  the  service  wire. 

A  study  has  been  conducted  on  this  source  of  water 
entry.  Both  shielded  and  unshielded  service  wire1; 
were  investigated.  The  shielded  service  wires  all 
leaked  water  when  subjected  to  a  static  waterhead. 
A  majority  of  unshielded  service  wires  leaked  also 
Details  of  this  testing  are  available. 

Sources  of  water  ent^y  into  the  service  wire  are: 

1)  Damage  to  the  sheath 

2)  Service  Wire  Splices 

A  solution  to  this  problem  with  service  wires  has 
been  to  develop  a  service  wire  dam  and  service 
wire  splice  based  on  a  specially  designed  hot  melt 
adhesive  in  combination  with  heatshrink  components 
which  results  in  a  "flooding"  and  '-omplete  damning 
of  sources  of  water  entry  into  service  wires  and 


service  wire  splices.  I  ‘e  dam  is  applied  at  the 
source  of  entry  of  the  service  wire  to  the  main 
cable  while  the  splice  can  be  installed  easily 
where  the  service  wire  leading  to  the  house  is 
spl iced. 

Sigmaform's  Research  and  Development  activities 
indicate  that  combinations  of  the  following  com¬ 
ponents  can  provide  a  highly  reliable  watertight 
system  for  any  type  of  direct  buried  plant: 

1)  Service  Wire  Dams 

2)  Service  Wire  Splices 

3)  Forced  Encapsulation 

4)  Heat  Shrinkable  Outer  Sleeves 

5)  Heat  Shrinkable  Splice  Caps  for  Pedestal 
Closures.  This  combination  provides  a  high¬ 
ly  reliable  watertight  system  for  any  type 
of  direct  buried  plant. 
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ABSTRACT 


During  underground  installation  of 
telecommunications  cables,  polyethylene  jacket  that 
is  bonded  to  the  steel  shield  may  zipper,  i.e.,  rip 
open  along  and  above  the  shield  overlap.  The 
torsion  test  was  developed  by  the  cable 
manufacturers  and  users  to  assess  the  risk  of 
zippering.  In  this  investigation,  the  mechanics  of 
torsion  was  studied  and  related  to  observed  failure 
patterns.  Two  cable  parameters  were  found  to  be 
important:  1)  the  unbonded  zone  width  divided  by 
the  jacket  thickness,  b/tp,  and  2)  the  diameter- to- 
sheath  thickness  ratio,  D/ts.  For  b/tp  <  5,  the 
well-known  torsional  buckling  is  observed.  For  b/tp 
>  5,  cables  appear  to  exhibit  localized  buckling  of 
the  unbonded  portion  of  the  jacket  over  the  shield 
overlap  and  may  eventually  zipper. 


I .  INTRODUCTION 


Telecommunications  cables  with  plastic  jackets 
nay  exhibit  jacket  damage  during  underground 
instal lat ion .  In  jackets  bonded  to  the  steel 
shield,  the  failure  appears  in  the  form  of  sheath 
buckling  and/or  "zippering",  a  tearing  of  the 
jacket  along  the  shield  overlap. 

A  typical  cable  sheath  consists  of  a 
polyethylene  jacket  bonded  to  a  corrugated  steel 
shield.  For  an  average  cable  diameter  (over  core 
wrap)  of  32.8  mm,  a  minimum  jacket  thickness  of  1.0 
mm  is  required^).  For  cables  of  average  diameter 
greater  than  76mm,  a  minimum  1.6  mm  is  required. 
The  maximum  thickness  at  any  cross  section  is 
restricted  to  155  %  of  the  minimum  thickness. 
Figure  1-1  presents  a  schematic  representation  of  a 
cable  cross  section.  Underlying  and  overlying  edges 
of  the  shield  overlap  are  not  bonded;  the  overlying 
edge  is  formed  inwards  to  minimize  sawing  action  on 
the  jacket.  To  further  minimize  iniury  to  the 
jacket,  a  tape  may  be  placed  on  the  shield 
over lap^1* '  .  lhi~  able  sheath  design  yields  a 
bonded  polyethylene  jacket  of  high  torsional 
sr!  'T’'°ss  combined  with  a  narrov  1  ^rr.i  1 
unbo^d  ‘d  portion  over  the  shield  overlap. 


The  polyethylene  jacket  is  bonded  to  Lhe 
steel  shield  to  improve  the  buckling  resistance  of 
the  sheath^).  However,  Lhe  incidence  of  zippering 
has  greatly  increased  with  the  use  of  bonded 
jacket.  Currently  three  tests  are  used  to  predict 
zippering.  These  are  notch,  sheath  adherence  and 
torsion  tests ^  .  The  notch  and  sheath  adherence 
tests  are  used  as  indicators  of  the  effects  of 
damage  on  the  jacket  by  the  edge  of  the  shield 
overlap,  and  the  bond  strength  between  the  jacket 
and  the  steel  shield,  respectively.  Hence,  they  do 
not  provide  a  measure  of  cable  sheath  performance 
under  the  forces  which  may  operate  in  the  field 
installation.  The  torsion  test,  on  the  other  hand, 
subjects  a  cable  specimen  to  a  shear  deformation, 
and  the  response  of  the  cable  sheath  approximates 
buckling  and  zippering  damage  observed  in  the 
field . 

During  installation  into  duct,  cable  from  the 
reel  is  fed  through  a  C-bend  or  an  S-bend.  In  each 
case,  the  cable  sheath  is  subjected  to  tensile 
and/or  shear  forces.  The  damage  patterns  from  the 
field  specimens  clearly  indicate  that  the  intense 
shearing  on  the  jacket  along  the  shield  overlap 
initiates  the  failure.  Moreover,  the  field  failure 
patterns  closely  match  the  failure  patterns  on 
torsion  test  specimens.  Maguire  and  Rossi^)  also 
report  that  their  torsion  test  results  on  5  foot- 
cable  specimens  were  statistically  consistent  with 
installation  failures  in  the  field. 

In  this  presentation,  we  discuss  the 
deformation  of  a  thin  cable  jacket  bonded  to  a 
steel  shield  and  the  relationship  of  testing 
stresses  to  buckling  and  failure  patterns  in 
torsion.  In  section  II,  we  describe:  (1)  our 
detailed  observations  of  damage  patterns,  (2)  their 
relationship  to  the  state  of  bonding  of  the  jacket 
to  the  shield  overlap,  and  (3)  major  deformation 
mechanisms  of  the  jacket.  In  section  III,  we 
develop  an  experimental  shear  stress-twist  angle 
relationship  and  use  it  with  the  buckling  criteria 
of  section  II  to  predict  the  failure  pattern  for  a 
test  cable. 


IT .  TORSION  TEST 


A  torsion  test  on  cables  with  polyethylene 
t  jteel  shield  ic  -  pioceuure  iui 
evaluating  resistance  to  zippering  and  other 
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deleterious  deformations  such  as  large  buckles  or 
kinks  chat  can  hinder  cable  installation.  The  test 
is  applied  to  a  1.5  meter  (60  inch)  length  of 
cable.  The  free  end  is  rotated  in  the  direction 
opposite  to  the  overlap  portion  of  the  steel 
sheath.  Bonded  cables  under  2  inches  outside 
diameter  are  rotated  540  degrees;  cables  of  larger 
outside  diameter  are  rotated  360  degrees. 

Torsion  tests  performed  on  cables  from 
several  vendors  showed  four  diverse  patterns  of 
cable  sheath  deformation.  The  first  pattern 
consisted  of  screw-type  buckles  of  varying  radial 
displacement  helically  wrapped  around  the  cable  at 
a  45  degree  angle,  shown  in  Figure  II- 1.  These 
represent  well-known  torsional  buckling  modes  of 
thin-walled  tubes  of  circular  cross  -  section^4 ) .  It 
is  worthy  to  note  that  the  buckling  pattern  does 
not  follow  the  jacket  seam.  The  second  mode 
involves  local  buckling  of  the  cable  sheath  in  the 
vicinity  of  the  shield  overlap,  shown  in  Figure  II- 
2.  These  buckles  form  a  periodic  pattern  oriented, 
at  least  initially,  at  45  degrees  to  the  cable 
axis  and  evenly  spaced  along  the  length  of  the 
cable . 

The  third  and  fourth  deformation  modes 
involve  zippering  of  the  cable  jacket.  The  third 
mode  is  merely  a  terminal  state  of  mode  II.  When 
buckling  occurs  during  the  early  stages  of  torque 
application,  the  buckled  surfaces  tend  to  behave 
like  a  series  of  diagonal  tension  members  upon 
subsequent  load  increases^ .  Zippering  can  then 
occur  by  tearing  of  the  jacket  along  lines  normal 
to  the  buckles,  i.e.,  in  the  direction  of  the 
diagonal  tension  field  shown  in  Figure  11-3.  The 
ruptures  or  tears  on  the  jacket  occur  along  the 
peaks  of  the  ripples  while  the  valleys  remain 
intact.  The  fourth  pattern  is  illustrated  in  Figure 
II-4.  In  this  mode,  cable  sheath  deformations  are 
not  noticeable  near  the  tear  which  occurs  along  the 
shield  overlap.  The  tear  resembles  a  knife  cut. 
This  type  of  failure  is  precipitated  by  cutting  of 
the  polyethylene  jacket  by  che  sharp  edge  of  the 
steel  shield  because  of  faulty  forming  during 
manufacture . 

Cable  deformation  modes  I  and  II  do  not 
appear  together  and  therefore  compete.  Mode  I  is 
described  as  torsional  buckling  of  thin-walled 
cylinders.  The  critical  shear  stress  for  buckling 
is  given  by  the  expression^) 

(rc)c  -  K  (EEt)0-5  (ts/D)15  (III) 

where  K  »  0,73,  E  and  Ec  are  modulus  of  elasticity 
(or  Young's  modulus)  and  tangent  modulus  of  the 
polyethylene-steel  shield  composite,  respectively; 
ts  is  the  thickness  of  the  composite,  and  D  is  the 
outside  diameter  of  the  cable. 

In  many  instances,  the  polyethylene  jacket 
is  not  completely  bonded  to  the  corrugated  steel 
shield.  The  unbonded  portion  spans  the  shield 
overlap  as  depicted  in  Figure  II -5a.  When  the  cable 
is  twisted,  an  out-of-plane  displacement  or 
warping  of  the  cross  -  section  ensues  similar  to  that 


of  a  split  ring.  This  deformation  imposes  shear 
stresses  on  the  segment  of  unbonded  jac^et  as 
described  in  Figure  II -5b.  For  a  sufficiently 
large  shear  stress,  the  mode  II  buckling  pattern  of 
Figure  II -2  can  result.  This  mode  resembles  shear 
buckling  of  flat  plates  ^  ^ .  The  critical  shear 
stress  for  buckling  is  given  by  the  equation^* 

(rc)p  -  K  (EEt)0-5  (Cp/b)2  (I I  -  2 ) 

where  K  -  5.85  for  a  simply  supported  plate;  E  is 
the  modulus  of  elasticity;  Et  is  the  tangent 
modulus  of  polyethylene,  i.e.,  the  slope  of  the 
uniaxial  tensile  stress  -  strain  curve,  and  tp  and  b 
are  the  jacket  thickness  and  unbonded  zone  width, 
respectively . 

It  is  expected  that  the  mode  with  the  lower 
critical  stress  will  dominate,  i.e.,  (rc)c  <  (Tc)p 
for  mode  I  and,  conversely,  (rc)p  <  (rc)c  for  mode 
II.  The  buckling  curves  of  these  modes  plotted 
against  the  characteristic  ratios,  i.e,,  b/tp  and 
D/ts  appear  in  Figure  II-6.  The  tangent  moduli 
required  for  this  calculation  were  obtained  from 
our  tensile  tests  performed  on  samples  of 
polyethylene  jacket  and  steel-bonded  polyethylene. 

Table  1 1  - 1  summarizes  the  results  of  torsion 
tests  performed  at  room  temperature  on  bonded 
cables.  Cables  with  the  same  diameter  listed  in 
this  table  were  taken  from  the  same  reel.  There  was 
a  large  variation  in  the  dimensions  of  the  cables 
and  especially  in  the  width  of  the  unbonded 
portion.  For  instance,  measurements  taken  over  a  3 
inch- length  of  the  cable  revealed  a  two  hundred 
percent  variance  in  unbonded  width.  Nevertheless, 
from  the  buckling  curves  of  Figure  II -6  and  Table 
II-l,  several  trends  are  evident.  First,  when  the 
width  of  the  unbonded  zone  is  small,  b/tp  <  5, 
screw-type  (mode  I,  Figure  II-l)  buckling  of  the 
cable  seems  to  dominate.  The  test  results  on  cables 
1-3,  7,  8,  12,  13  support  this  observation.  When 
the  mode  I  pattern  occurs  to  this  extent,  it  will 
obviously  hinder  the  cable  placement.  Second,  from 
Figure  11-6  and  the  experimental  data  of  Table  II- 
1,  it  appears  that  when  b/tp  >  5*.  local  shear 
buckling  (mode  II)  near  the  unbonded  region  takes 
place  and  is  followed,  in  roost  instances,  by 
zippering  failure  (modes  III  or  IV).  The  test 
results  on  cables  4-6  and  9-11  corroborate  this 
conclusion. 

Some  discrepancies  observed  on  cables  such  as 
4,  10  and  11  are  attributed  to  the  broad 
distribution  of  the  unbonded  zone  width  along  the 
cable  length  previously  noted.  An  alternative 
explanation  may  be  that  an  initially  bonded  area 
can  become  unbonded  during  the  testing  if  the  shear 
strength  of  the  bond  between  the  steel  and 
polyethylene  jacket  is  exceeded.  When  b/tp  >5,  it 
does  not  necessarily  mean  that  zippering  failure  is 
imminent ,  i.e.,  cables  5 ,  10 ,  11  .  However ,  this 


*  This  ratio  varies  with  D/ts.  For  the  cables 
tested,  5  <  b/tp  <  6.5.  The  lower  limit  is 

conservatively  adopted. 
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indicates  a  potential  zippering  failure  since  mode 
IT  buckling  must  always  precede  zippering. 


TABLE  II -1 


Torsion  Test  Summary 


Cable 

Outside 

Diameter 

(cm) 

D/ts 

b/tp 

Failure 

Mode 

1 

5.97 

22 

3.54-4.16 

i 

2 

5.97 

22 

2.33-2.76 

i 

3 

5.97 

22 

2.03-2.85 

i 

4 

7.87 

28 

2.40-3.28 

hi 

5 

7.87 

28 

5.76-6.11 

ii 

6 

7.87 

28 

3.27-5.94 

hi 

7 

7.62 

31 

0.0 

i 

8 

7.62 

31 

0.0 

i 

9 

6.35 

20 

5.23-6.72 

IV 

10 

6.35 

20 

0.0 

II 

11 

6.35 

20 

3.34-3.89 

II 

12 

8.38 

25.0 

1.07-1.24 

I 

13 

8.38 

25.0 

0.0 

I 

III  .  EXPERIMENTAL  STRESS  ANALYSIS 


In  the  preceding  section,  two  buckling 
patterns  (mode  I  and  mode  II)  were  described  in  the 
torsion  of  a  cable  sheath  consisting  of  a 
polyethylene  jacket  bonded  to  a  steel  shield.  For 
prediction  of  failure  patterns,  one  needs  to 
determine  the  maximum  shear  stress  on  the  cable 
jacket  as  a  function  of  the  angle  of  twist  in  the 
torsion  test  and  compare  it  with  the  critical  shear 
stress  defined  in  section  II  for  buckling.  This 
critical  stress  can  be  established  by  using  cable 
parameter  ratios  in  conjunction  with  the  buckling 
curves  of  Fig.II-6. 

In  this  section,  we  determine  maximum  shear 


stress  as  a  function  of  the  twist  angle  in  two 
steps.  First,  we  develop  the  maximum  shear  strain- 
twist  angle  relationship.  In  the  second  part,  we 
derive  the  maximum  shear  stress-strain  curve  for 
polyethylene  jacket.  Thus,  we  arrive  at  an 
experimental  maximum  shear  stress-twist  angle 
relationship . 


(a)  Maximum  Shear  Strain-Twist  Angle  Relationship 


When  the  cable  is  subjected  to  a  torque  at 
one  end,  say  at  z-0  (where  z  is  the  direction  of 
the  cable  axis),  ir  addition  to  a  twist  of  angle  6 
(Figure  Il-Sa),  an  out-of-prane  displacement  or 
warping  takes  placed  It  is  this  warping  of  the 
cross  section  that  precipitates  zippering  of  the 
unbonded  portion  of  the  jacket. 

Considering  the  bonded  cable  sheath  to  be  a 
thin-walled  split  cylinder,  shown  in  Figure  II-5a, 
U^(z)  and  Uz(0)  are  defined  as  the  two  components 
of  the  displacement  vector  and  are  shown  in  Figure 
III-l.  The  total  shear  strain,  at  a  given  angle  of 
twist,  has  also  two  components  that  are  related  to 
those  of  the  displacement  vector.  Tg  is  the  global 
strain  due  to  twisting.  It  is  measured  as  AVg/Az, 
shown  in  Figure  Ill-la.  Tp  is  the  local  strain  on 
the  unbonded  portion  of  the  jacket.  It  is  related 
to  the  second  component  of  the  displacement  vector 
and  defined  as  AUz/h.  AUj  and  AUZ  refer  to  changes, 
due  to  twisting,  in  components  of  the  displacement 
vector,  U$  and  Uz ,  respectively;  Az  and  h  are 
defined  in  Figure  III-l.  Thus,  the  total  strain  is 
obtained  from  the  expression 


rtot  " 


Fg  +  Fp 


(III-l) 


F cot  -  (AU,/Az)  +  (AUz/h) 


One  can  determine  Alfy/Az  by  measuring  the  arc 
length  AB,  Figure  I II 'la,  and  dividing  it  by  the 
length  of  the  cable  between  the  torsion  grips  at  a 
selected  angle-of -twist .  The  local  shear  strain, 
Tlf  on  the  unbonded  portion  of  the  jacket  over  the 
shield  overlap  is  determined  by  following  the 
deformation  of  the  rectangle  depicted  in  Figure 
Ill-lb  with  increasing  twist  angle.  Figure  III -2a 
shows  the  rectangle  drawn  on  the  unbonded  portion 
of  the  jacket  at  zero  twist  angle.  Figures  III -2b 
and  III-2c  display  the  deformation  of  the  rectangle 
at  15  degrees  and  60  degrees,  respectively.  The 
local  shear  strain  is  obtained  by  dividing  the 
axial  displacement  AUZ  by  h,  shown  in  Figure  III- 
lb.  Figure  III -3  shows  a  plot  of  total  shear  strain 
against  the  angle-of- twist  for  one  of  the  cables 
tested . 
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(b)  Maximum  Shear  Stress-Shear  Strain  Relationship 


SUMMARY  AND  CONCLUSIONS 


The  maximum  shear  stress-strain  relationship 
for  the  polyethylene  jacket  is  obtained  from  the 
uniaxial  tensile  stress-strain  curve  of  a 
representative  cable  jacket  material.  The  tensile 
stress  measured  in  uniaxial  tension  is  also  the 
principal  stress^),  and  the  maximum  shear  stress 
is  one  half  of  the  principal  stress.  Similarly, 
maximum  shear  strain  is  calculated  from  tensile 
strain.  However,  in  this  case,  one  must  consider 
two  components  of  the  tensile  strain  field,  tensile 
strain  in  the  direction  of  the  principal  stress, 
and  strain  at  90  degrees  to  the  tensile  stress. 
Hence,  maximum  shear  strain  is  given  by  the 
following  expression^),  for  a  Poisson's  ratio  of 
0.5 


^max  “  0.75  emax 


(III -2) 


where  €max  is  the  tensile  strain  in  the  direction 
of  tensile  stress.  Figure  III-4  shows  the  maximum 
shear  stress  -  strain  relationship  for  polyethylene. 


(c)  Prediction  of  Failure  Patterns 

Having  established  the  maximum  shear  stress- 
twist  angle  relationship  for  a  representative 
cable,  we  can  attempt  to  predict  the  buckling 
pattern  observed  in  the  torsion  test  sample. 

Step  I:  One  reads  the  total  shear  strain  from 
Figure  nI-3  for  the  angle-of -twist  at  which  the 
buckling  pattern  appears.  With  the  total  shear 
strain,  we  then  determine  the  maximum  shear  stress 
on  the  unbonded  portion  of  the  jacket  from  Figure 
I II  -4 

Step  II:  We  measure  the  characteristic  ratio 
D/ts  for  the  cable  and  read  the  corresponding 
critical  shear  stress  (rc)c  from  Figure  1 1  - 6 .  If 
the  shear  stress  determined  in  Step  I  is  lower 
than  (rc)c,  then  mode  II  buckling  is  confirmed. 

For  example,  one  of  the  test  cables  exhibited 
a  critical  angle-of- twist  for  buckling  of  about  45 
degrees.  From  Figure  HI-3,  a  total  strain  of  0.36 
is  found.  At  this  value  of  total  strain,  we  read  a 
maximum  shear  stress  of  6.2  MPa  from  Figure  III -3. 
The  measured  value  of  D/ts,  for  this  cable,  is  28. 
The  corresponding  critical  stress  for  buckling. 
(rc)c,  from  Figure  II-6,  is  6.7  MPa.  Since  shear 
stress  on  the  jacket  is  lower  than  the  critical 
shear  stress,  we  conclude  that  mode  II  buckling 
will  occur.  This  result  is  consistent  with  our 
observations  listed  for  cables  4,  5  and  6  in  Table 
II -1,  and  it  appears  to  be  in  good  agreement  with 
the  buckling  pattern-cable  parameter  relationships 
observed . 


The  mechanics  of  a  torsion  test  for 
telecommunications  cables  containing  a  polyethylene 
jacket  bonded  to  a  steel  shield  has  been 
investigated  analytically  and  experimentally.  The 
objective  of  this  study  was  to  identify  the  most 
significant  cable  parameters  which  could  be  used  to 
predict  zippering  during  cable  placement. 

Four  torsional  deformation  modes  were 
identified:  overall  screw- type  buckling,  Figure  II- 
1;  local  buckling  about  the  overlap  seam.  Figure 
1 1  -  2  ;  and  two  cable  sheath  failures,  Figures  1 1  -  3 
and  11-4.  In  a  typical  cable  construction,  the 
polyethylene  jacket  is  not  bonded  over  a  small 
segment  along  the  shield  overlap  Therefore  two 
characteristic  buckling  conditions  are  evident:  (1) 
the  torsional  buckling  of  the  cable  sheath,  which 
can  be  treated  as  a  thin-walled  tube,  and  (2)  the 
localized  shear  plate  buckling  of  the  unbonded 
portion  of  the  polyethylene  jacket.  It  is 
determined  that  the  latter  buckling  mode  occurs  for 
the  unbonded  width- to- j acket  thickness  ratios 
greater  than  five,  i.e.,  b/tp  >  5.  This  has  been 
shown  to  agree  with  test  results  presented  In  Table 
II- 1  and  the  buckling  curves  of  Figure  II -6. 

Although  post -buckling  behavior  was  not 
addressed  in  this  analysis,  it  is  possible  that 
when  b/tp  >  5,  the  cable  jacket  can  exhibit 
zippering  since  this  failure  is  preceded  by  large 
localized  deformations  of  the  unbonded  portion  of 
the  jacket  about  the  shield  overlap.  Work  still  in 
progress  is  aimed  at  the  prediction  of  failure 
patterns  by  measuring  torque  and  shear  stress  on 
the  cable  jacket. 
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Fig.  IT -2 

Local  buckling  of  the  unbonded  zone  in  a  bonded 
cable 


Fig.  1-1 


Cross- sec t ional  view  of  a  cable 


Fig.  1 1 -  3 

Zippering  failure  in  a  buckled  unbonded  zone 


Fig.  I  I  - 4 

Zippering  failure  bv  the  sawing  action  of  the 
shield  edge 


Fig.  11-1 

Torsional  buckling  in  a  bonded  cable  sheath 
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Critical 


Total  Shear  Strain 


Fig.  Ill -2 


Deformation  of  the  unbonded  portion  of  the  jacket 
at  a  twist  angle  of  a)  0  degrees 

b)  15  degrees 

c)  60  degrees 


e 

Angle  of  Twist  ( Degrees ) 


Fig.  Ill  - 3 

A  plot  of  '  ''tal  shear  strain  in  the  unbonded  zone 
against  t!  l  angle  -  of - twist 


</) 


Maximum  Shear  Strain 
T  max 


Fig.  1II-4 

Maximum  shear  stress-shear  strain  curve  for 
polyethylene  jacket 
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ABSTRACT  These  stabilizers  can  react  or  be  lost  by  migration  and 


Foam-skin  HDPE  insulations  have  been  found  to  be 
susceptible  to  thermal  oxidation  and  cracking  after  less 
than  a  decade  in  the  field.  These  insulations  arc  used  in 
the  latest  design  of  water  resistant  PIC  (polyolefin 
insulated  conductor)  cables.  The  problem  is  attributed  to 
inadequate  stabilizer  design  for  the  pedestal  environment, 
not  poor  quality  control  during  manufacture.  The 
residual  stability  of  field  insulations,  measured  for  selected 
sites  in  the  U.S.A.  depended  on  the  climatic  factors, 
primarily  temperature.  I  he  extent  of  cracked  insulations 
and  vulnerable  plant  wax  high  in  the  hot  southwest  but 
decreased  <n  moving  to  cooler  climates.  Cracking 
patterns  were  predicted  using  results  from  laboratory 
aging  of  field  samples  as  well  as  the  history  of  cracked 
I. DPT  insulations. 

INTRODUCTION 

Multipair  telecommunications  cables  consist  of 
polyolefin  insulated  conductors  (PIC)  grouped  into  color 
coiled  pairs  that  are  protected  by  metallic  and  plastic 
sheaths.  Over  the  last  two  decades  PIC  cable  insulations 
have  experienced  varying  degrees  of  degradation  inside 
above-ground,  ready-access  closures.  Buried  cables  are 
brought  into  pedestals  where  the  protective  sheaths  are 
removed  and  the  insulated  copper  conductors  exposed  for 
splicing  and  terminations.  Temperatures  greater  than 
130  F  can  be  reached  inside  such  pedestals  when  heated 
by  direct  sunlight1-.  Thermally-induced  oxidation  of  the 
insulation  eventually  produces  microscopic  defects  and 
crazes,  which  slowly  grow  in  length  and  concentration 
until  visible  cracks  develop  leading  to  noisy  transmission 
and  interrupted  sen  ice.  The  insulations  are  affected  by 
humidity,  rodents,  fiood.  lightning,  dust,  sunlight, 
pollutants  and  other  environmental  factors,  but  high 
temperatures  ami  physical  stress  are  believed  to  be  the 
major  factors  that  determine  insulation  lifetime. 

Polyolefins  are  durable  outdoor  materials  provided 
they  are  protected  against  thermal  oxidation  bv  chemical 
additives  (eg.,  hindered  phenols  or  secondary  amines)'. 
Well  stabilized  polyethylene  can  last  many  years,  as  seen 
by  the  longevity  of  black  polyethylene  cable  jackets. 


evaporation,  whereupon  oxidation  can  occur  at 
susceptible  sites  in  the  polymer  molecule  such  as  labile 
C-Hs  at  chain  branch  points  or  allylic  positions.  The 
peroxy  radicals  (RO,»)  produced  will  propagate  the 
oxidation  reaction  by  abstracting  hydrogens  atoms  and 
create  more  free  radicals  and  or  cause  main  chain  cleav  age 
producing  unsaturation,  keto-eom pounds,  organic  acids 
and  other  oxidation  products'. 

In  the  l%0-70s.  catastrophic  cracking  occurred  in  low 
density  polyethylene  (LDPE)  insulations.  Such 
deterioration  occurred  in  as  little  as  3-4  years  in  the 
southwestern  United  States.  Extensive  work  showed  that 
not  only  was  stabilizer  loss  and  oxidation  accelerated  by 
high  temperatures,  but  also  the  copper  conductor 
catalyzed  the  oxidation  l,2,4‘11.  Consequently,  the 
insulation  material  was  changed  to  high  density 
polyethylene  (HDPE).  a  less  volatile  antioxidant  was  used 
ami  a  metal  deactivator  added.  The  procedures  developed 
during  this  time  form  the  basis  of  the  stability 
requirements  for  today’s  cable-'1-’14. 

Concomitant  with  these  material  changes,  water- 
resistant  PIC  cable  was  introduced  into  the  buned  plant 
environment  in  1977.  This  involved  filling  the  cables  with 
a  waxy  hydrocarbon  material.  Polypropylene  (PP) 
insulations  were  initially  used  in  these  cables,  but  were 
replaced  by  a  foam-skin  HDPE  design  in  197b  that 
incorporated  an  inner  coating  of  foamed  HDPE  with  a 
outer  coating  of  solid  HDPE.  These  insulations  were 
expected,  from  previous  research15,  to  last  greater  than  40 
years  in  the  pedestal  environment  without  trouble, 
although  some  accelerated  testing  results  predicted  oniv  a 
10-15  yem-  lifetime16. 

Foam-skin  HDPE  insulations  placed  in  I976-S0.  have 
begun  to  crack  in  closures  in  southern  Arizona  and  New 
Mexico1  .  There  have  even  been  reports  of  cracking  in 
cables  of  later  vintage  in  Phoenix.  The  concern  is  that 
such  failures  are  again  caused  by  stabilizer  depletion. 
Based  on  the  LDPE  experience1'',  the  southwest  is  a 
harbinger  on  what  can  be  expected  in  the  rest  of  the 
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country,  since  the  high  temperatures  and  long  summers 
of  the  southwest  greatly  accelerate  thermal  oxidation  and 
stabilizer  loss  inside  pedestal  closures.  These  concerns  are 
further  magnified  by  the  quantities  of  foam-skin 
insulations  that  have  accumulated  in  the  field  over  the 
last  12  years. 

Insulation  samples  were  collected  from  pedestals  and 
cabinets  in  different  geographical  and  climatic  regions. 
Their  stability  was  measured  as  a  function  of  material 
type,  cable  age  and  physical  location  (i.e.,  buried 
underground,  inside  cable  sheath,  or  inside  a  pedestal). 
Cable  lifetimes  and  cracking  patterns  around  the  country 
were  predicted  from  accelerated  aging  tests. 

EXPERIMENTAL 

Insulations  were  sampled  randomly  from  pedestals  in 
Arizona,  New  Mexico,  Utah,  Nebraska,  Iowa,  South 
Dakota,  Minnesota  and  Louisiana.  At  three  selected  sites, 
cable  sections  were  taken  from  the  connector  in  the 
pedestal  to  a  point  in  the  buried  cable,  12-15  feet  distant 
and  -  30  inches  underground.  Stability  profiles  were 
obtained  by  analyzing  insulations  from  the  same  wire  at 
regular  intervals  along  this  section. 

Insulations  were  stripped  from  their  copper 
conductors  and  their  Oxidative  Induction  Times  (OIT)  at 
200°C  measured  with  a  DuPont  990  thermal  analyzer.  A 
sample  of  insulation  (-4  mg)  is  placed  in  an  aluminum 
DSC  pan  with  a  loose  fitting  aluminum  cap  or  screen. 
The  cap  or  screen  helps  maintain  a  uniform  and 
reproducible  temperature  in  the  sample  while  allowing 
oxygen  ready  access  to  the  sample.  After  heating  the 
sample  to  200°C  in  nitrogen,  the  atmosphere  is  switched 
to  oxygen.  Degradation  is  observed  as  an  exothermic- 
reaction  in  the  calorimetric  trace  and  the  time  between 
the  admission  of  oxygen  and  the  onset  of  degradation  is 
the  OIT  value.  Although  OIT  values  are  not  reliable  for 
predicting  lifetimes  in  the  field,  they  are  useful  for  0) 
following  loss  of  stability  in  given  a  polyolefin 
composition,  (2)  identifying  insulations  devoid  of 
stabilizer  (OIT  =  0)  and  (3)  characterizing  the  chemical 
structure  of  the  polyolefin. 

Samples  with  low  OIT  values  were  selected  for 
accelerated  aging  tests,  in  which  the  insulated  wires  were 
held  at  temperatures  between  60  and  HXTC  until  they 
cracked.  Representative  samples  were  chosen  to  cover 
different  insulation  designs  and  materials  as  well  as 
dilferent  climates  around  the  country.  The  top  twelve 
inches  of  a  standard  six-inch  square,  four  foot  pedestal 
was  heated  with  a  260  Watt  Glas-Col  heating  mantle 
while  the  internal  temperature  was  controlled  (  ±  1  C)  by 


a  Omega  Model  CN-310-RTD-C  controller.  The  samples 
were  routinely  removed  and  examined  for  cracks  with  an 
eyeglass.  This  apparatus  has  been  used  routinely  for 
oxidative  stability  testing  of  wire  insulations19. 

Infrared  spectroscopy  was  used  to  confirm  material 
identification  and  detect  oxidation  products.  Oxidation  of 
polyethylene  forms  C  =  0  and  C-O  moeities  that  have 
infrared  resonances  at  -1800  cm’1  and  -1100  cm'1 
respectively.  The  spectra  were  recorded  with  a  Nicolct 
Fourier  Transform  Infrared  spectrometer  using  a 
Attenuated  Totally  Reflectance  (ATR)  accessory. 


FIELD  OBSERVATIONS 

Cracks  in  foam-skin  HDPE  insulations  have  been 
found  in  southern  Arizona  and  New  Mexico17.  Damage 
is  confined  to  exposed  insulations  in  ready-access 
pedestals  and  is  usually  seen  near  wire  bends,  loops  or 
twists.  This  latest  cracking  phenomenon  is  different  from 
that  seen  in  LDPE  and  PP  materials  during  I960- 70s,  in 
that  the  inner  foam  coating  is  more  susceptible  to 
abrasion  and  peeling  than  those  solid  insulations  which 
tended  to  mainly  crack’0'32.  The  solid  HDPE  skin 
protects  the  soft  foam  polyethylene  underneath  but  once 
this  outer  skin  is  cracked,  the  soft  inner  coating  will  easily 
peel  back  and  expose  the  bare  copper  conductor. 

Several  field  observations  arc  worthy  of  note:  (I) 
cracks  appear  preferentially  at  bends  or  stress  points  in 
insulations,  (2)  all  colors  crack  with  similar  frequency, 
which  is  different  trom  the  LDPE  cracking  case  where 
reds  and  whites  cracked  sooner  than  all  other  colors  and 
black  insulations  rarely  cracked,  (3)  sunlight  heats  the 
pedestal  and  accelerates  the  degradation  and  (4) 
insulations  on  26  gauge  wire  crack  more  often  than 
insulation  on  other  larger  wires. 

LDPE  REVISITED 

To  understand  why  there  is  a  higher  incidence  of 
cracking  and  insulations  with  low  Olf  values  in  the 
southwest,  it  is  useful  to  review  the  history  of  LDPE 
cracking.  Linkls(l97()  examined  over  a  thousand 
pedestals  around  the  country  looking  for  cracked  LDPF. 
insulations  and  his  results  are  shown  in  Figure  1.  By 
regression  analysis  or  the  cracking  pattern,  he  concluded 
that  the  climatic  factois  of  importance  were  the  average 
maximum  temperature  and  the  number  of  davs  that  the 
temperature  exceeded  90  F  (Figure  2).  The  degradation 
rate  increased  exponentially  with  temperature. 
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Fig.l  IDI>K  C  RACKING  P.VITKRN  ( 1970) 


Hg.2  (  R  M  KKD  l.Dl’K  INSl  I.  VI  IONS 
(Data  from  1  able  I ,  •  and  Ref. IK,  ) 


■  6 

□  S 

□  3,4 


LDPE  insulations  installed  two  decades  ago,  and 
which  cracked  ’-'ithin  3-5  years  of  installation  in  the 
southwest,  have  now  begun  to  crack  in  the  cooler 
sections  of  the  country.  This  more  recent  data  was 
combined  with  Link's  1970  data  and  correlations  with 
various  climatic  factors  were  considered.  Link's18  basic 
conclusion  was  confirmed  and  the  best  empirical  fit  of  the 
cable  age  to  climate  factors  was  found  to  be: 

AGE  =  3.0  +  72cxp[-O.OI7(TMAX  +  D90)) 

where. 

AGE  •-  Cable  age  at  first  cracking 
^M\\  =  Average  Maximum  Temperature 
(June-August) 

D9(1  =  Days  per  year  with  temperatures  >  90" F 

An  accelerated  aging  test  ("Pedestal  Test")  was 
developed  to  evaluate  different  materials  as  replacements 
for  the  LDPE“.  For  this  test,  an  Arrhenius  relationship 
between  reaction  rate  and  temperature  was  assumed  : 

Rate  =  A„  exp{-Eac(  kT) 

where. 

Rate  =  reaction  rate,  expected  to  be  a-  time  to  crack 
A„  ■=  pre-exprnential  factor,  constant 
E.  t  -  activation  energy 
k  =  Boltzmann's  Constant 
T  =  temperature  (°K ) 


It  follows  that  extrapolations  to  field  lifetimes  is  best 
done  by  plotting  log(time  to  crack)  against  the  reciprocal 
of  the  temperature  since  this  should  give  a  linear 
relationship.  In  Figure  3.  LDPE  laboratory  and  field 
failure  data  from  19742’  are  combined  with  the  additional 
results  shown  in  Table  I.  The  lest  data  and  the  field 


rset  t  i  i.dpk (  Racking  rc\ isiiv.d 


R  (.PRESENT  V  i  IV  1.  I  OC  A 1  IONS 

iNtrivt.  cracking 

War  1  (  VBI.E  AGE 

(vcarsl 

1  c*r 

in  PEDESTA1. 

(°C1 

luc-son.Y  urn  a.  Phoenix 

1  "0 

r  3.4 

40 

<  Vl.lM)R\lA  -  Kl  Centro 

l%5-"0 

4.5 

40 

1  h\  VS  -  San  Vnfomo.M  Puo 

1  96?  • 70 

5.6 

38 

I.(HIS|VNV  -  Ncn  Orleans. I.afavctte 

IS6B70 

7 

3< 

M.ORIDX  -  Miami 

I968--0 

6.7 

33 

ftNXLVStl  •  Nash* i/fe 

1970 

8 

32 

M.BRVSKA  Omaha 

\^y. 

12  15 

30  ±  2 

'IfNM  SOl  V  Minneapolis 

I9WVK2 

15-20 

30  ±  2  I 

results  arc  consistent,  forming  a  single  curve.  The 
deviation  from  linearity  implies  that  the  activation  energy 
is  temperature  dependent.  The  temperature  used  on  the 
5  -axis  for  the  field  locations  is  an  effective  temperature, 
T,r  .  calculated  by  taking  into  account  the  day  night 
temperature  cycles,  the  exponential  increase  in  reaction 
rate  with  increasing  temperature2-'  and  the  15-30°F  higher 
temperatures  that  can  be  found  inside  a  pedestal  in  direct 
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sunlight'.  Tabic  1  list  the  field  data  for  representative 
locations  across  the  country.  The  1974  aging  data  for 
solid  HDPE  insulations  from  aircore  cables,  predicted  at 
least  40  troublefrcc  years  of  use  (Figure  3).  The 
unexpected  failure  of  the  foam-skin  HDPE  insulations 
implies  that  stabilizer  is  being  reacted  and  or  lost  at  a 
faster  rate  than  expected  from  the  solid  HDPE  data.  The 

Kie  l  \RHIIKMI  S  I’M) IS  TOR  SOI  II)  I  l)|‘K 

AM)  SOI  II)  IIDI’K  IVSl  I  tllOXSI  VlR(OR)  (  VBIKS) 

(l)ula  from  I  able  I.  •  and  Ri'f.2l,  -A.l) 


Innv  (ycaib) 


foam-skin  design,  pedestal  design,  stabilizer  extraction  by 
the  tilling  compounds  and  or  interactions  with  other 
components  of  the  cable  may  contribute  to  this  enhance 
rate  of  loss-'1' !(l. 


FIEL  D  SURVEY 

Various  insulations  were  sampled  and  are  listed  in 
fable  2  as  a  function  of  material  formulation,  design,  and 
geographical  location.  These  samples  represent  the 
current  status  of  buried  plant  that  was  installed  from  1969 
to  19X3.  The  remaining  stabilizer  activity  tor  each  sample 
was  measured  using  the  OIT  test. 


Tabic  INS!  I  t  HONS  IT  S  ITT) 


MAI  TRIM  A 

roTAi. 

XI  MHPR  PROM' 

DESK  A 

sot  mvvrsi 

SOI  1H 

MIDWEST 

1  DPT 

55 

5 

50 

PP 

70 

M) 

15 

25 

■  IDPT.t  solid) 

55 

15 

(0 

50 

1 1  DP  E(  foam -skin) 

140 

L  .  _ 

100 

20 

20 

Several  of  these  insulations  had  already  cracked  and 
were  characterized  by  Off  values  of  0-0.4  minutes  and 
infrared  spectra  that  showed  oxidation  products  were 
present.  These  facts  confirm  that  thermal  oxidation  is  the  | 

primary  degradation  mechanism  responsible  for  cracking 
in  I.DPH.  PP  and  now  foam-skin  HDPE  insulations. 

Although  OIT  values  cannot  reliably  predict  cable 
lifetimes,  some  general  ranges  can  be  delined.  An  OIT 
value  of  0-2  minutes  implies  that  the  material  has  little  or  - 

no  stabilizer  remaining  and  is  vulnerable  ("at  risk")  to  ■ 

oxidation  and  cracking.  For  example,  all  cracked 
insulations  had  OIT  values  less  than  0.4  minutes.  A  2-10 
minute  value  reflects  depletion  of  stabilizers,  but  it  is 
difficult  to  generalize  about  the  lifetime  remaining  of  such 
insulation.  Ibr  it  depends  not  only  on  insulation  type  and  I 

stabilizer  system.  but  also  local  environmental  conditions 
teg.,  sun  exposure,  craft  activity  in  pedestal >.  Insulations 
with  10-20  minute  OIT  values  are  of  little  concern  unless 
the  cable  was  installed  recently  which  may  imply 
inadequate  stabili  ation  during  manufacture.  Times  of 
greater  than  20  minutes  indicate  a  well  stabilized  material.  I 

New  insulations  for  example  may  have  OIT  values  up  to 
130  minutes. 

All  I.DPE  insulations  tested  had  low  OIT  values  (  <  2 
minutes)  anti  most  showed  evidence  of  cracking.  T  he  PP 
insulations  tested  were  manufactured  during  1972-76  and 
showed  a  wide  range  of  OIT  values  (0.6  to  100  minutes).  1 

PP  insulated  wires  could  be  found  cracked  with  an  OIT 
of  0.6  minutes,  while  other  PP  insulations  installed  in  the 
same  year  in  the  same  city  could  appear  like  new  with 
OIT  values  of  70-XO  minutes.  Without  detailed 
investigation,  it  is  unclear  whether  this  wide  range  of 
behavior  .arose  from  variations  in  the  local  pedestal 
environment  or  inconsistent  quality  of  insulations  (eg. 
stabilizer  not  well  dispersed*1). 

Significant  fractions  of  foam-skin  HDPE  insulations 
placed  in  pedestals  since  1976  have  low  Oi  l  values  (i.e.. 
less  th.an  2  minutes/.  Table  3  ,,,id  Figure  4  show  the  I 

distribution  of  017  values  for  HDPE.  foam-skin 

insulations  for  the  three  geographical  areas  sampled.  In 
the  southwest.  60" »  of  the  HDPE  loam-skin  insulations 
examined  had  OIT  values  less  than  2  minutes  and  had 
either  cracked  or  were  "at  risk"  of  cracking.  In  the  cooler 
climates  of  the  south  and  further  north,  the  percentage  of  ! 

vulnerable  insulations  was  found  to  be  23"<.  and  |s"<,. 
respectively. 


+  SOI  THWKST  -  \rizona.  New  Mexico 
SOI  III  =  Louisiana 

MIDWEST  '  Minnesota,  Nebraska.  Iowa.  South  Dakota,  (  tab 


478  International  Wire  &  Cable  Symposium  Proceedings  1988 


TABLE  3.  DISTRIBUTION  OK  OIT  VAU'ES 


Oi  l  VA1.I  K 

PERCENT  OK  IIDPE  INSt  I.A  I  IONS  TESTED 

(MINI  IKS) 

MIDWEST 

SOI  11  INVEST 

SOI  III 

0-3 

IS 

60 

25 

2-10 

25 

30 

35 

10-20 

20 

5 

35 

20-30 

25 

4 

5 

>30 

15 

1 

- 

The  loss  of  stabilizer  from  the  insulation  could  reflect 
either  low  stabilizer  loadings  (a  manufacturing  problem) 
or  poor  stabilizer  design  for  the  operating  environment  (  a 
technology  problem).  The  OIT  value  of  the  product 
when  it  was  initially  installed  is  required  to  differentiate 
between  these  two  possibilities.  While  it  is  not  possible  to 
measure  this  OIT  value  for  insulations  installed  many 
years  ago.  it  seems  reasonable  to  assume  th.at  insulations 
underneath  the  ground,  several  feet  back  from  the 
pedestal,  should  have  Off  values  similar  to  when  they 
were  initially  installed.  This  cable  section  has  not  been 
exposed  to  the  elevated  temperatures  found  inside 
pedestals.  The  OIT  value  of  insulations  when  installed 
will  be  at  least  that  found  for  these  buried  insulations. 


Kig.4  DISIR1BI  TION  OK  VI  INKRVKIK  INSl  I.AIIONS 


Accordingly,  me  stability  profiles  of  three  cables 
installed  in  1977-79  were  measured  as  a  function  of 
position  inside  the  pedestal  and  buried  sections  (Figures  5 
and  6).  Measurements  of  OIT  values  of  individual 
insulations  measured  at  varying  intervals  from  the 
connector  inside  the  pedestal  to  12-15  feet  back  into  the 
cable  indicated  that  within  the  buried  portion,  the 
insulations  were  well  stabilized  (OIT  >  35  minutes)  and 
of  uniform  quality  (±2%).  These  measurements  show 
that  the  original  stabilizers  are  not  only  well  dispersed  but 
also  are  present  in  concentrations  comparable  to  levels 
typical  of  insulations  produced  in  the  1970's.  Such 
measurements  imply  that  there  has  been  no  significant 
extraction  of  stabilizer  into  the  tilling  compound. 

As  seen  in  Figures  5  and  6.  there  is  a  dramatic 
decrease  in  insulation  stability  where  the  insulated  wires 
emerge  from  the  cable  inside  the  pedestal.  This  result 
coupled  with  the  previous  measurements  on  buried 
sections  of  cable  confirm  that  it  is  loss  of  stabilizer,  not 
poor  quality  control,  that  is  the  progenitor  of  cracking. 
That  is  not  to  say  that  poor  quality  control  can  be 
completely  ignored.  Studies  of  six  other  buried  cables, 
located  next  to  pedestals  containing  foam-skin  HOPE 
insulations  with  low  OIT  values,  revealed  OIT  values  in 
the  buried  sections  of  10  and  12  minutes  in  two  of  the  six 
cases.  For  these  two  cables  sufficient  stabilizers  may  not 
have  been  added  during  manufacture  or  alternatively 
stabilizers  may  have  lost  during  manufacture  and  or 
storage.  In  such  cases,  cracking  may  occur  considerably 
earlier  than  what  would  otherwise  occur  with  a  normally 
stabilized  insulation.  Insulations  from  the  buried  sections 
of  the  other  four  cables  all  had  OIT  values  greater  than 
20  minutes. 


Eig.5  TYPICAL  SI  Xltll  I  I V  PROHI.E 


Pedestal 
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After  the  stabilizers  are  lost,  oxidation  of  the 
polyolefin  begins.  Changes  in  the  chemical  structure  lead 
to  physical  stresses  and  craze  formation.  Physical  defects 
and/or  voids  in  the  insulation  act  as  initiation  sites  for 
crazes  to  grow  in  size  and  concentration  until  visible 
cracks  are  formed.  It  is  difficult  to  theoretically  predict  the 
time  between  the  onset  of  oxidation  and  when  the  first 
cracks  arc  seen.  This  latency  period  is  determined  by  the 
defect  concentration  and  the  physical  stresses  on  the 
insulation.  This  interval  can  be  determined  by  empirical 
studies  of  insulations. 

FiK.6  INSII.ATION  Oi  l  VAI.IFS  VERSES 
DISTANCE  I  RON!  CONNECTOR 


Accelerated  aging  experiments  were  performed  to 
predict  lifetime  remaining  for  those  insulations  found  to 
be  "at  risk".  As  with  LDPE,  log(timc  to  crack)  was 
plotted  versus  the  reciprocal  of  the  temperature  for  a 
selection  of  "at  risk"  insulations.  A  typical  plot  is  shown 
in  Figure  7  for  foam-skin  insulations  from  Arizona, 
which  predicts  cracking  will  occur  within  a  further  1-3 
years.  Similar  aging  experiments  were  done  on  field 
samples  from  the  three  geographic  zones  and  the 
remaining  lifetime  was  determined  to  be  as  low  as  1-3 
years  in  the  southwest,  3-6  years  in  the  south,  and  5-7 
years  in  the  midwest.  For  each  sample  tested,  the 
remaining  lifetime  found  was  added  to  the  time  since 
installation  to  obtain  the  cable  age  at  which  cracking  may 
begin.  This  turns  out  to  S- 10  seats  in  the  southwest, 
14- IS  years  in  the  south  and  16-20  years  in  the  midwest. 
These  predictions  are  consistent  with  extrapolations  based 
on  LDPE  cracking  that  began  in  the  l%0s  (Figure  S). 


Fig. 7  ARRIIENIES  PLOT  FOR  PREDICTION  OF 
LIFETIME  REMAINING 

(O,*,  ■  =  3  dilfcrcnt  insulations) 


Time  lyeuis) 


The  predicted  cable  ages  for  cracking  arc  tor  insulations 
in  readv-access  pedestals  that  experience  regular  activity 
and  full  sun  exposure.  High  activity  in  a  pedestal 
increases  stress  on  the  insulations  which  increases  their 
degradation  rate.  High  temperatures  accelerate  the 
degradation  and  arc  determined  by  the  climate  of  the 
geographic  area  and  the  sun  exposure  of  the  pedestal. 


Fig.8  PREDICTIONS  FOR  FOAM-SKIN  IIDPE 
BASED  ON  I.DPE  HISTORY 


Cable  Age  (years) 
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Predictions  of  the  onset  of  cracking  and  cable  lifetimes  for 
representative  locations  around  the  country  arc  shown  in 
Table  4. 


TABLE  A.  PREDICTIONS  FOR  FOAM  SKIN  HDPE  INSULATIONS 


LOCATION 

AVERAGE  Tv,* 
(JlNE-ALGLSn 

“F 

DAVS/YF.AR 

WITH  >00°F 

FIRST  CRACKS 

YEAR  4  CABLE  AGE 

(years) 

CABLE 

LIFETIME 

(Years)1 

Phoenix,  A/. 

108 

170 

1085 

8-10 

10-15 

Tucson, Yuma  A/. 

105 

150 

1085 

8-10 

10-15 

LI  Centro.  CAL. 

too 

150 

1987 

10-12 

10-15 

San  Antonio.  TLX. 

95 

110 

1088  + 

12-14 

12-17 

El  Paso.  TEX 

95 

101 

1088  + 

12  14 

12-17 

New  Orleans,  l.A. 

90 

69 

1990  + 

14-18 

15-20 

Miami,  LL. 

90 

67 

1000  + 

14-18 

15-20 

Nashville.  TKNN. 

88-90 

60 

1990  + 

14-18 

15-20 

Omaha.  NLB. 

90-92 

40 

1992  + 

16-20 

>20 

Minneapolis.  MINN. 

83 

15 

1992  + 

(6-20 

>20 

Portland,  MAINE 

76 

5 

1995  + 

20  + 

>  25 

Scaltlr,  WASH 

70-74 

2 

1995  + 

20  + 

>  25 

(a)  (  able  Lifetime  =  Cable  age  when  20-25%  percentage  of 
insulations  in  a  pedestal  have  cracked. 


The  spread  of  the  cracking  around  the  country  is 
expected  to  follow  the  same  pattern  as  was  seen  in  the 
LDPE  case,  since  the  same  fundamental  mechanism  is 
occurring;  i.e,  thermal  oxidation  of  polyethylene.  The 
years  when  cracking  can  be  expected  in  various  parts  of 
the  country  are  summarized  in  Figure  9.  The  number  in 
parenthesis  equals  the  expected  cable  lifetime  which  is 
defined  as  the  cable  age  when  20-2.iioo  of  the  insulations 
inside  a  pedestal  have  cracked.  Extensive  remedial  action 
would  be  needed  for  insulated  wires  in  such  a  pedestal. 


« 


« 

j 
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in  the  pedestal  will  delay  the  onset  or  extent  ot  tailurcs. 
since  stress  accelerates  both  crack  tormation  and 
propagation. 

CONTLIkSIONS 

This  surxev  has  confirmed  that  foam-skin  HOPE 
insulations  are  susceptible  to  thermal  oxidation  and 
cracking  after  less  than  a  decade  in  the  field.  Such 
insulations  are  used  in  the  latest  design  ot  water  resistant 
PIC  (polyolefin  insulated  conductor)  cables.  1  he  problem 
is  attributed  to  inadequate  stabilizer  design  tor  the 
pedestal  environment,  not  poor  quality  control  during 
manufacture.  1  he  residual  stability  ot  field  insulations 
was  measured  for  selected  sites  in  the  (J.S.A.  and 
depended  on  climatic  factors,  primarily  temperature.  The 
incidence  of  cracked  insulations  and  vulnerable  plant  was 
hieh  in  the'  hot  southwest  but  decreased  on  moving  to 
cooler  climates.  Cracking  patterns  were  predicted  using 
results  from  laboratory  aging  of  field  samples  as  well  as 
the  history  of  cracked  l.DPh  insulations. 


REMEDIAL  ACTIONS 

The  remedial  action  selected  for  existing  pedestal  plant 
depends  on  whether  the  insulation  is  in  category  (1) 
already  cracked,  (2)  "at  risk"  of  cracking  or  (3)  in  no 
danger  of  cracking  for  many  years.  Cracked  insulations 
have  been  irreversibly  damaged  and  cannot  be 
rejuvenated.  Rehabilitative  insulating  varnish  sprayed  on 
wires  should  be  regarded  only  as  a  temporary  fix  because 
it  does  not  adhere  well  to  the  insulation  surface  which  is 
usually  contaminated  with  filling  compound  or  dirt. 
Permanent  repair  requires  replacement  of  the  damaged 
wires. 

Antioxidant  booster  sprays  and  pucks  are 
concentrated  reservoirs  of  stabilizer  that  are  placed  in  the 
pedestals  on  the  principle  that  volatile  stabilizer  will 
migrate  from  the  reservoir  to  vulnerable  insulations. 
However,  stabilizer  will  also  migrate  to  all  other  parts  of 
the  pedestal,  out  of  the  pedestal  and  out  of  the  insulation. 
Sprays  tire  available  to  coat  the  insulated  wires  directly 
with  a  varnish-like  coating.  They  do  retard  the 
degradation  rate,  however,  they  make  the  insulations 
tacky  and  spraying  needs  to  be  repeated  every  year  or  so. 
Such  sprays  do  not  appear  to  regenerate  the  insulations, 
since  samples  of  such  coated  insulations  were  examined 
and  the  underlying  insulations  had  Ol  f  values  of  '0.4 
minutes.  The  urethane  coating  sealed  the  insulation  anil 
reduced  further  oxidation.  The  coating  is  brittle  and  will 
eventually  crack,  exposing  the  underlying  insulation  to 
the  environment  once  again. 

It  is  impossible  to  determine  whether  insulations  arc- 
in  category  (2)  or  (3)  without  laboratory  analysis. 
However,  the  history  of  cracking  in  low  density 
polyethylene  insulations  in  the  I960- 70s.  coupled  with 
this  field  survey,  allows  susceptible  geographic  areas  to  be 
identified  (Figure  9).  For  those  insulations  "at  risk",  steps 
can  be  taken  to  slow  deterioration.  The  temporary  fixes 
noted  above  may  last  for  years  in  milder  climates.  The 
best  repair,  short  of  replacement,  consists  of  an  internal 
airtight  closure  that  minimizes  oxygen  infiltration  and 
stabilizer  evaporation.  These  closures  should  protect  the 
insulation  like  a  cable  sheath  which  prevents  stabilizer 
loss  even  inside  a  hot  pedestal  (Figures  5  and  6).  Such 
closures  may  also  act  as  a  heat  sink  that  reduces  the 
temperature  extremes  seen  by  the  insulation  and  lowers 
the  Tc((- .  A  reduction  of  IOC  in  Tc(f  should  double  the 
insulation  life.  The  final  option  is  to  cut  back  into  the 
sheathed  cable  and  re-splice  (or  add  jumper  cabling) 
which  will  replace  the  vulnerable  insulation  with  well 
stabilized  insulated  wires.  In  any  case,  minimizing  activity 
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Improved  Life  Expectancy  Testing  for 
PIC  Cable  Insulation 
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Superior  Cable 


ABSTRACT 


Due  to  the  work  of  several  companies,  the  stabilization 
package  for  insulation  has  been  changed  within  the  last 
two  years  to  correct  premature  failure  of  cellular 
insulation  installed  in  the  warmer  regions  of  the  country. 
The  response  of  organizations  to  improve  quality  control 
test  procedures  has  understandably  been  proceeding  at  a 
slower  pace.  Areas  of  concern  include  preaging  of 
cable,  maximum  insulation  test  temperature,  test 
chamber,  and  formation  of  stress  within  the  insulation 
under  test.  Comparative  laboratory  evaluation  of  new 
test  procedures  will  need  to  be  conducted  to  establish 
repeatability  and  compliance  by  manufacturers  before 
new  requirements  can  be  incorporated  into  industry 
specifications.  Work  under  an  ICEA  advisory  committee 
is  being  conducted  to  resolve  problems  and  concerns 
associated  with  the  current  specification  requirements 
and  improve  test  methods. 

INTRODUCTION 

The  stabilization  package  for  roam  and  foam  skin 
insulation  has  been  recognized  to  be  less  effective  than 
the  same  stabilization  package  in  solid  insulation.  This  is 
reflected  in  the  oxidation  induction  time  (OIT)  test  and 
requirements  for  cellular  and  solid  insulation  when  the 
material  was  accepted  by  the  industry.  Foam  skin 
insulation  has  an  OIT  requirement  one  half  as  stringent 
as  solid  insulation.  This  is  accomplished  by  removing 
the  catalytic  action  of  copper  from  the  foam  skin  OIT 
test.  Two  additional  changes  in  the  OIT  test  from  the 
REA  PE- 39  to  the  REA  PE-89  specifications  effectively 
cancel  the  other.  The  end  point  requirement  is  doubled 
while  the  test  temperature  is  reduced,  cutting  the 
oxidation  rate  in  half  (Table  I).  Cellular  insulation  was 
never  claimed  to  be  the  equivalent  of  solid  insulation  in 
terms  of  oxidation  stability  or  physical  toughness;  foam 
and  foam  skin  were  only  claimed  to  be  "good  enough". 

In  retrospect  the  claim  appears  tc  be  invalid  with  respect 
to  aging  requirements.  Recent  improvements  in  the 
stabilization  package  have  been  incorporated  to  improve 
life  expectancy  of  celular  insulation  (Table  II). 

Changes  in  the  stabilization  package  resulted  from  field 
f..  ■  res  and  laboratory  oven  aging  test.  The  current 
quality  assurance  and  quality  control  tests  do  not  indicate 
the  need  to  increase  the  stabilization  of  foam  skin 
insulation. 


TABLE  I 


OIT  Test  Condition  And  Requirment 


Document 

Requirment 

(mliiuies) 

Temperture 

DcgC 

Pan 

Oxygen 
flow  rale 
(ml/minute) 

TR-TSY  000421 
solid 

20 

200 

copper 

200 

TR-TSY  00042 1 
foamskin 

20 

200 

aluminum 

200 

REA  PE-39 
solid 

15 

199 

copper 

50 

REA  PE -89 
foamskin 

30 

190 

aluminum 

50 

TABLE  II 

STABLIZATION  PACKAGE  RANGE  CHANGE 
(percent) 


YEAR 

SOLID 

FOAM 

ANTIOXIDANT 

COPPER  INHIBITOR 

ANTIOXIDANT 

COPPER  INHIBITOR 

1978 

0  08  0.15 

0.08-0  15 

0  08-0  12 

:  08-C  12 

1979 

0  11-0.20 

0-10-0.18 

0.08-0  12 

0.06-0.12 

19e5 

0.18-0  26 

0  10-0.18 

0  08-0.12 

0  08-0  12 

«  986 

0.18-0.26 

0  10-0  18 

0.12-0  18 

0.12-0.18 

1  S  8  7 

0. IB-0.26 

0  18-0.26 

C  1 S  0-21 

0  15-0.21 
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LABORATORY  WORK 


Early  in  the  use  of  foam  skin  Superior  Cable  recognized 
that  filling  compounds  rapidly  leached  antioxidants  from 
the  insulation,  reducing  Oxidation  Induction  Times 
(OIT)  to  low  values.  Tests  conducted  in  1979  show 
significant  OIT  reductions  after  one  week  at  70  degrees 
C.  Similar  studies  had  previously  indicated  reduced 
stability  of  cellular  insulates.  Refer  to  Oxidation 
Stability. Studies  on  Cellular  High  Density  Polyolefin 
Insulation  for  Communications  Wire  by  O'Rell,  D.O., 
and  Patel,  A.,  International  Wire  and  Cable  Symposium, 
1975. 


TABLE  m 


Oxidation  Induction  Time  Of  Foams  kin 


CABLE 

UNAGEI) 
REA  PE-39 

AGED  1 
WEEK  AT  70  C 
REA  PE-39 

1 

47.6 

11.25 

2 

24.1 

2.8 

3 

34 

4.8 

NOTE.  Values  are  an  average  of  ten  readings 
and  are  In  minutes. 


The  data  in  Table  III  was  presented  to  a  material  supplier 
who  quietly  canvassed  the  industry  to  determine  if  an 
increase  in  antioxidant  was  needed  since  Superior  Cable 
desired  an  increase.  Unfortunately,  the  industry 
concensus  did  not  agree  with  Superior  and  little  change 
in  the  stabilization  package  was  made  in  1979  since  an 
independent  cable  supplier  could  not  cost  effectively 
obtain  an  alternate  material.  There  were  several  reasons 
why  more  attention  was  not  given  to  the  aged  OIT  data. 
First,  OIT  data  did  not  have  good  extrapolation  or 
correlation  with  field  failure.  Secondly,  the  industry  was 
operating  in  the  "its  good  enough”  mode,  and  finally  the 
quality  assurance  test  in  the  specifications  did  not 
indicate  any  long  term  problem. 

By  1982  Superior  Cable  began  development  of  an  oven 
aging  test  which  incorporated  preaging  of  the  insulation 
in  filled  cable  to  simulate  reel  storage.  Initial  data 
extrapolation  indicated  some  foam  skin  stress  crack 
failure  would  occur  in  approximately  10  years  in  the 
warmer  regions  of  the  country.  The  oven  aging  test  was 
continued  for  several  years  as  part  of  a  joint  effort  by 
Union  Carbide  and  Superior  Cable  to  develop  a  foam 
skin  product  with  improved  life  expectancy.  The  results 
of  the  joint  effort  were  reported  in  three  papers  presented 
at  the  1987  International  Wire  and  Cable  Symposium  and 
established  the  need  to  increase  the  stabilization  package 
for  foam  skin.  Concurrent  with  this  work,  reports  of 
field  failure  of  foam  skin  insulation  began  to  be  received 
in  1985  substantiating  the  validity  of  the  oven  aging  test. 


As  a  result  of  the  field  failures,  AT&T  and  Bellcore 
began  a  series  of  laboratory  work  to  determine  the  cause 
of  the  failure.  AT&T  and  Bellcore  laboratory  work  also 
indicated  a  need  to  increase  the  stabilization  package  for 
the  foam  skin  insulation.  The  net  result  of  the 
laboratory  work  was  to  increase  the  antioxidant  and 
copper  inhibitor  in  the  polyethylene  insulation  in  1 986 
and  1987.  While  improvement  in  the  life  expectancy  of 
the  foam  skin  insulation  has  been  obtained  by  increasing 
the  stabilization  package,  the  inadequacy  of  the 
specification  test  to  provide  safe  guards  that  insure 
reasonable  life  expectancy  is  still  being  addressed. 

TEST  IMPROVEMENT 

The  industry  does  recognize  the  need  for  an  improved 
quality  assurance  test  for  insuring  the  long  term 
performance  of  foam  skin  insulation.  Numerous 
opinions  as  to  the  pros  and  cons  of  different  approaches 
have  been  expressed.  Two  test  methods  are  currently 
undergoing  evaluation  to  provide  a  standard  forjudging 
the  quality  of  commercial  products.  They  are  a 
modification  of  the  oven  test  employed  by  Superior 
Cable  to  predict  field  problems  and  a  modification  of  the 
pedestal  aging  test  provided  by  Bellcore.  Table  IV 
provides  a  summary  of  the  differences  and  proposed 
changes  of  the  two  tests.  To  determine  the  relevance  and 
to  delineate  the  differences  between  the  test  methods  a 
criteria  must  be  established  against  which  the  procedures 
can  be  judged.  The  following  points  should  be 
considered  in  evaluating  the  two  test  methods: 

•  The  test  method  when  used  to  evaluate  material  with 
a  1978  to  1985  stabilization  package  should  predict 
early  failure  commensurate  with  field  failure. 

•  The  test  has  to  be  repeatable  when  conducted  by 
different  laboratories. 

•  Accelerated  aging  should  not  alter  the  physical  state 
or  crystallinity  of  the  materials  under  evaluation, 
(above  that  which  may  occur  in  the  field) 

•  Test  time  should  be  reasonable  for  a  qualification 
test. 

•  Test  method  must  be  capable  of  detecting  all  failure 
modes  which  might  occur. 

•  Test  should  be  easy  to  conduct. 

•  Test  should  evaluate  the  worst  case  field  condition 
that  may  occur  due  to  manufacture,  storage,  and 
installation  which  can  be  reasonably  controlled  in  the 
laboratory. 

The  oven  aging  test  developed  by  Superior  Cable  is 
capable  of  meeting  these  requirements.  Oven  aging  data 
predicted  field  problems  before  they  occurred. 

Moderate  temperatures,  80°  C,  or  less  tire  used  to 
maintain  the  material  below  the  major  transition  range  of 
high  density  polyethylene  which  are  not  encountered  in 
application  of  the  product.  Exceeding  the  transition 
temperature  of  polyethylene  will  alter  the  rate  of 
deterioration  caused  by  a  number  of  degradation 
processes. 
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A  total  test  time  of  seven  months  is  required  to  insure  a 
30  year  life  expectancy,  using  the  oven  test.  Seven 
months  is  a  reasonable  test  time  for  a  qualification  test. 

The  oven  procedure  uses  the  introduction  of  stress  to  the 
sample  at  scheduled  times  to  evaluate  the  degree  of 
thermal  embrittlement  and  solvent  cracking,  as  well  as 
exposure  to  hot  air  to  evaluate  oxidation.  While 
oxidation  is  the  primary  form  of  degradation  for 
currently  used  high  density  compounds,  other  forms  of 
deterioration  must  be  evaluated  since  the  introduction  of 
new  material  may  have  different  synergistic  effects  or 
weakness. 

The  oven  procedure  does  not  require  special  controllers, 
heating  mantels,  or  containers  not  found  in  wire  and 
cable  plants,  and  is  easy  to  conduct. 

By  using  preaging  of  the  insulated  conductors  in  the 
cable  and  the  formation  of  pigtails  in  the  test  wires,  the 
worst  case  condition  of  reel  storage  and  induced  stress 
due  to  installation  and  maintenance  are  incorporated  into 
the  oven  aging  procedure.  The  air  movement  in  a  forced 
draft  oven  also  accelerates  the  oxidation. 

Repeatability  concerns  appear  to  be  the  cause  of 
reluctance  to  accept  the  oven  test  in  specifications.  The 
main  elements  of  the  procedure  have  been  repeated  by 
Superior  Cable  on  a  number  of  different  cables  and 
found  to  be  repeatable  within  the  expected  distribution  of 
cable  samples  from  different  suppliers.  Currently,  a 
round-robin  test  is  being  conducted  to  establish  the 
repeatability  of  a  modified  method  at  various  laboratories 
under  1CEA  sponsorship.  The  round-robin  test  should 
confirm  the  desirability  of  using  the  oven  aging  method 
of  evaluating  life  expectancy  for  communication  cable 
insulation. 

The  ICEA  working  committee  has  modified  the  oven  test 
from  the  procedure  used  in  the  work  presented  last  year. 
The  main  features  of  the  test  have  not  been  altered, 
including  the  preaging  of  cable  for  4  weeks  at  70°  C, 
formation  of  periodically  controlled  stress  in  the  sample, 
and  the  uses  of  80°  C  or  less  test  temperature  in  a  forced 
draft  oven.  The  modifications  are  the  addition  of 
additional  stress  after  20  weeks  in  the  oven  (due  to 
longer  life  expectancy  resulting  from  higher  stabilization 
package)  and  the  use  of  a  mandrel  instead  of  the 
insulated  wire  as  the  core  around  which  the  wire  is 
stressed.  To  aid  in  repeatability,  an  oven  capable  of 
complying  with  ASTM  E  145-68  is  specified  and  minor 
clarifications  have  also  been  included.  The  "Long  Term 
Stability  of  Solid,  Foam,  and  Foam  Skin  Insulation 
Round  Robin  Test"  is  provided  below  for  the  readers: 

LONG  TERM  STABILITY  OF  SOLID,  FOAM  AND 
FOAM  SKIN  INSULATION 


A .  OUTLINE  OF  METHOD 

Insulated  conductors  from  communications  wire 
or  cable  are  exposed  to  elevated  temperature 
conditioning  in  the  finished  product,  then 
removed  from  the  wire  or  cable  and  subjected  to 
controlled  stresses  at  elevated  temperatures  in  a 
forced  draft  over.  Additional  controlled  stresses 


are  placed  in  the  insulated  conductors,  at 
periodic  intervals,  during  oven  aging.  End 
points  are  determined  from  the  initial 
stressed  (coil)  insulation  failure. 

B .  APPARATUS 

1 .  Forced  Draft  Oven:  A  circulating  air  oven 
conforming  to  ASTM  E  145,  Type  I  IB,  and 
having  a  minimum  internal  height  of  15  inches. 

2.  Support  Bracket:  Any  device  which  will 
allow  the  test  samples  to  hang  free  in  the  oven. 
Material  in  contact  with  the  insulation  should  not 
act  as  a  catalyst  to  oxidize  the  insulation. 

3 .  Temperature  Monitoring  System:  Any 
system  capable  of  monitoring  the  oven 
temperature. 

4.  Mandrel:  Smooth,  round  steel  (piano 
wire,  drill  bit,  etc.)  with  a  diameter  equal  to  that 
of  the  insulated  wire  being  evaluated  and  having 
a  surface  which  is  free  of  burrs  and  rough  edges. 

C.  PROCEDURE. 

1 .  Sample  Preparation: 

1 . 1  From  completed  wire  or  cable,  cut 
sufficient  samples  24  inches  long,  so  that  the 
samples  contain  a  minimum  of  30  insulated 
conductors. 

1 .2  Seal  the  ends  of  the  wire  or  cable  samples 
with  cable  caps. 

1 . 3  Precondition  the  sealed  wire  or  cable 
samples,  for  4  weeks,  in  an  oven  stabilized  at 
70°  ±  1°C. 

1.4  At  the  end  of  4  weeks,  remove  from 
oven,  stabilize  at  room  temperature  (overnight) 
and  then  remove  the  insulated  conductors  from 
the  sealed  wire  or  cable  samples. 

1 .5  Separate  twisted  pairs  into  single 
insulated  conductors. 

1 .6  If  the  finished  product  contained  filling 
compound,  remove  the  compound  from  the 
insulation  by  wiping  with  a  clean  dry  tissue  or 
clean  soft  cloth.  DO  NOT  USE  SOLVENTS. 

1.7  Form  a  loop  or  hook  in  one  end  of  an 
insulated  conductor  to  allow  for  hanging  the 
sample,  (see  Figure  I).  The  loop  or  hook  should 
be  approximately  one  inch  in  diameter.  Make  a 
"coil”  in  the  insulated  conductor  (1  1/2"  below 
the  loop  or  hook)  by  wrapping  around  the 
appropriate  mandrel  for  ten  close,  tight  turns. 

CAUTION:  USE  FORCE  SUFFICIENT  TO 
FORM  A  CLOSE,  COMPACT  SERIES  OF 
TURNS  ON  THE  WIRE  WITHOUT 
CRUSHING  THE  UNDERLYING 
INSULATION.  BE  CAREFUL  NOT  TO 
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D.  REQUIREMENT: 


DAMAGE  THE  INSULATION  WITH 
FINGERNAILS.  A  PAIR  OF  THIN,  COTTON 
GLOVES  MAY  BE  WORN  TO  ENSURE  THAT 
THE  INSULATION  IS  NOT  DAMAGED  BY 
FINGERNAILS. 

1.8  Repeat  Step  1.7  until  30  specimens  (3  of 
each  color,  if  10  colors  are  available)  have  been 
prepared. 

2.  Aging: 

2.1  Hang  the  30  insulated  conductor 
specimens  on  a  support  bracket  in  a  forced  draft 
oven  maintained  at  80°  ±  1°  C.  Insulated 
conductor  samples  from  different  types  of  wire 
or  cable  should  not  be  aged  in  the  same  oven.  In 
this  case  "different"  means  different  insulating 
materials,  stabilization  packages  or  filling 
compounds. 

2.2  If  extrapolation  of  results  to  field 
conditions  is  desired,  a  second  set  of  samples 
shall  be  placed  in  a  forced  draft  oven  maintained 
at  70°  ±  1°  C.  This  condition  is  not  required  for 
insuring  adequate  stabilization. 

2.3  At  the  end  of  8  weeks  of  oven  aging  form 
a  second  "coil"  approximately  one  inch  below  the 
first  "coil". 

2.4  At  this  point  begin  inspecting  specimens 
for  "coil"  cracking  every  two  weeks  and  record 
the  percentage  of  "coil"  cracking  for  the  first  and 
second  "coils". 

NOTE:  Cracks  may  occur  in  the  loop  or  hook 
due  to  handling,  weight  of  the  specimen  or 
oxidation  at  the  point  of  contact  with  the  support 
bracket.  For  this  test,  cracks  in  the  loop  or  hook 
are  not  counted. 


2.5  At  the  end  of  20  weeks  of  oven  aging 
form  a  third  "coil"  in  each  specimen  and  continue 
to  record  the  percentage  of  "coil"  cracks  every 
two  weeks  for  first,  second  and  third  "  coils". 

NOTE:  For  qualification  testing  purposes,  the 
test  may  be  terminated  when  a  5(W  failure  of  the 
first  coil  occurs.  For  investigation  into  the  type 
of  insulation  failure,  proceed  with  Steps  2.6  and 
2.7. 

2.6  When  509c  of  the  first  "coils"  fail,  form  a 
fourth  "coil”  in  each  of  the  specimens  and  record 
the  percentage  of  fourth  "coils” which  crack 
during  formation. 

2.7  When  1(10%  of  the  first  "coils"  fail,  form 
a  fifth  "coil"  and  record  the  percentage  of  fifth 
"coils"  which  crack  during  formation.  Formation 
of  fifth  "coils"  terminates  the  oven  aging. 


If  more  than  5%  of  the  first  or  second  "coils" 
crack  on  or  before  the  26th  week,  it  shall  be 
considered  that  the  insulation  is  inadequately 
stabilized  for  the  composite  construction  of  the 
communication  product  or  that  processing 
conditions  have  compromised  the  life  expectancy 
of  the  material. 

E.  INTERPRETATION 

1 .  The  time  to  failure  of  the  first  "coils" 
provides  a  measure  of  life  expectancy  for  the 
worst  case  condition  of  the  product  as  received 
by  a  customer  for  any  of  the  failure  modes  for 
insulation. 

2.  The  second  and  third  "coils"  provide 
information  as  to  the  susceptibility  of  the 
insulation  to  thermal  embrittlement.  Early  failure 
of  the  second  or  third  "coils"  relative  to  the  first 
"coil"  indicates  degradation  of  the  insulation  prior 
to  formation  of  the  additional  "coil"  stresses. 

3 .  The  fourth  and  fifth  "coils"  aid  in 
determining  the  type  of  insulation  failure 
occurring  for  the  first  "coil". 

PEDESTALS  IN  THE  LABORATORY 

A  comparison  as  to  over  all  relevance  of  oven  versus 
pedestal  test  methods  is  inappropriate  since  modification 
and  development  of  both  procedures  are  currently  being 
conducted.  Indeed,  Bellcore  has  suggested  changes  in 
the  Pedestal  test  which  incorporate  many  of  the  features 
of  the  oven  test  (preaging  and  addition  of  stress).  The 
differences  in  the  proposed  methods,  therefore,  are  much 
closer  together  than  the  original  two  tests.  However,  a 
few  comments  are  in  order  as  to  the  use  of  a  pedestal  as  a 
test  chamber.  There  is  a  misconception  that  the  operating 
environment  is  more  closely  simulated  by  using  a 
pedestal  in  the  laboratory.  When  one  examines  the  facts 
it  becomes  apparent  that  the  use  of  the  pedestal  in  a 
laboratory  test  does  not  simulate  the  field  environment 
better  than  ovens. 


Cable  access  in  the  field  may  not  even  be  in  a  pedestal. 
There  are  several  different  kinds  of  housings  in  which 
cable  may  be  spliced,  such  as  hand  holes,  cross  connect 
boxes,  pedestal  of  different  kinds,  and  even  ready  access 
closures  in  the  air.  The  environment  in  each  of  the  kinds 
of  housing  and  even  various  models  of  pedestals  may  be 
considerably  different.  In  fact,  operating  practices  may 
alter  the  conditions  within  a  particular  model  of  pedestal 
by  the  use  of  ped  caps,  polyethvelene  bags  containing 
antioxidants,  and  other  modifications  to  the  pedestal  that 
an  operating  company  may  use. 

The  location  of  pedestals  in  a  given  run  of  cable  may  also 
affect  the  environment  within  the  pedestal.  The  pedestal 
could  be  located  at  the  top  of  a  hill  in  an  open  field,  or  in 
a  ditch,  or  along  a  creek  bank  which  may  periodically 
flood,  or  be  located  in  a  hedge  row  that  provides 
continuous  shade.  On  a  broader  scale,  pedestals  may  be 
placed  in  swamp  conditions  subjecting  ihe  wire  to  decay 
products  such  as  hydrogen  sulfide,  sulfur  dioxide. 
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swamp  gas,  etc.  or  be  placed  in  salt  air  conditions  along 
a  coast,  or  exposed  to  air  borne  pollutants  in  industrial 
cities,  or  exposed  to  agricultural  chemicals  beside  farm 
land,  or  exposed  to  relatively  clean  air  in  open  country. 
The  exposure  of  the  pedestal  tc  temperature  cycles  and 
humidity  cycles  will  be  widely  different.  Some  pedestals 
will  have  biological  waste  products  form  invading 
wasps,  ants  or  other  insects  leading  to  the  use  of 
insecticide  in  some  pedestals. 

From  the  above  discussion,  it  can  safely  be  assumed  that 
neither  a  pedestal  nor  an  oven  totally  simulate  field 
conditions.  Then  why  has  the  use  of  a  pedestal  been 
incorporated  into  specification  test?  As  one  advocate,  of 
pedestals,  said:  "The  pedestal  is  a  cheap  static  air  oven". 
If  the  pedestal  is  used  as  an  oven,  lets  examine  what 
makes  a  good  oven. 

Ovens  are  used  in  the  laboratory  to  provide  accelerated 
aging  conditions  which  can  be  controlled  to  close 
tolerances  and  that  are  repeatable  from  test  to  test  and 
location  to  location.  If  the  proper  conditions  are  chosen 
and  maintained  then  laboratory  testing  can  provide  a 
means  of  insuring  a  reasonable  life  expectancy  for  cable 
and  wire  systems.  The  determination  of  using  pedestals 
needs  to  be  made  with  regard  to  the  ability  of  the  housing 
to  function  as  a  test  oven. 

Technicians  conducting  pedestal  aging  test  have  noted 
variations  in  results  dependent  on  the  placement  of  wire 
within  the  pedestal,  particularly  rapid  deterioration  of 
material  results  if  contact  with  the  metal  sides  occurs. 
More  recently  Bellcore  mapped  the  temperature 
distribution  in  a  pedestal  and  found  significant  gradients 
horizontally  and  vertically.  Therefore,  the  placement  of 
samples  within  a  pedestal  as  well  as  the  placement  of  the 
measurement  and  control  thermocouple  relative  to  the 
samples  are  critical.  Also,  problems  with  temperature 
over-shoot  at  start  up  and  pedestal  reentry  have  been 
noted.  These  temperature  variations  make  it  difficult  to 
maintain  reliability  and  repeatability  when  using 
pedestals.  Since  the  pedestal  has  a  restricted  volume  of 
usable  temperature  controlled  space  it  is  difficult  or 
impossible  to  employ  repeated  stressing  of  the  insulation 
which  may  be  required  to  insure  life  expectancy  or 
determine  failure  modes.  For  providing  controlled, 
repeatable  test  temperature  and  convenient  work  space, 
pedestals  do  not  compare  with  modem  ovens  which  meet 
ASTM  requirements  for  temperature  and  air  exchange 
rates.  There  is  an  inertia,  however.to  keep  the  pedestal 
as  a  test  oven  in  order  to  maintain  the  historical  record. 
Maintenance  of  a  historical  record  is  not  justification  to 
continue  using  an  inferior  test  chamber. 

The  selection  of  the  type  of  oven  to  be  used  to  accelerate 
aging  then  depends  on  the  desirability  of  maintaining  a 
uniform  temperature  within  the  oven  and  whether  the  air 
is  to  be  stagnant  or  moving.  Pedestals  in  the  field  do  not 
have  a  stagnant  environment.  Air  is  exchanged  due  to 
thermal  convection  and  wind  disturbance.  A  forced  air 
oven  will  exchange  the  air  surrounding  the  wire  more 
frequently  than  occurs  in  a  field  installed  pedestal.  This 
aids  in  accelerating  the  oxidation  rate  and  reduces  cross 
contamination  between  samples.  When  using  a  pedestal 


as  a  static  air  oven,  the  air  movement  is  restricted  by  the 
heating  mantel,  temperature  gradients  and  lack  of  wind  in 
the  laboratory  environment  as  opposed  to  actual  use 
conditions.  To  insure  repeatability  forced  air  ovens 
complying  with  ASTM  E145  Type  1IB  should  be 
employed  for  artificially  aging  wire. 


QUALITY  CONTROL  TEST  FOR 
STABILIZER 

As  previously  noted,  the  oxidation  induction  time 
procedures  used  for  quality  control  purposes  are 
different  for  solid  and  foam  skin  insulation.  The 
differences  are  related  to  the  inability  of  the  insufficiently 
stabilized  foam  skin  insulation  to  comply  with  the 
original  solid  insulation  requirements  rather  than  with  the 
level  of  stabilizer  needed  to  provide  adequate  service. 
Logically  the  test  requirement  for  foam  skin  insulation 
should  be  the  same  as  that  required  for  solid  material. 
While  the  capabilities  may  be  different  for  the  two 
products,  the  end  use  expectation  is  not.  OIT  test 
procedures  also  need  to  be  reviewed  by  REA,  Bellcore, 
1CEA  and  other  organizations  concerned  with 
specifications. 

CONCLUSION 

The  need  to  revise  the  quality  assurance  test  has  been 
generally  recognized  by  the  industry  and  an  effective 
dialogue  for  developing  a  consensus  for  a  new  test  has 
been  established.  Ultimately,  the  selection  of  a  universal 
test  procedure  will  depend  upon  the  effectiveness  of  the 
test  and  its  reproducibility. 
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Table  IV 

Comparison  Of  Test  Methods 


Method 

Chamber 

Preaging 

Stress 

Type  or 
Stress 

Temperture 

DqgC 

Globle  Test 
(oven  test) 

Forced  Draft 

Oven 

4  Weeks 

At  70  C 

Initial 

8  Weeks  © 
50%  of  Initial 
100  %  of  InlUal 

Pigtail 

90 

ICEA 

Modified 

Oven 

© 

ASTM  Type  11 
Oven 

4  Weeks 

At  70  C 

Initial 

8  Weeks 

20  Weeks 

50%  of  Initial 
100%  of  Initial 

Coll 

80 

Thermal 

Oxidation 

Stability 

(pedestal) 

Pedestal  6  Inch 
Square  By  16  or 

24  or  46  Inches 

None 

End  Of  Test 
Period 

Coll 

90 

Modifide 

Pedestal 

Pedestal  6  Inch 
Square  By  At 
Least  16  Inches 

2  Weeks 

At  70C 

Initial 

Coil 

90 

NOTE:  1.  Control  temperture  and  air  flow. 

2.  For  the  ICEA  round  robin  test  the  stress  formed  after  50% 
and  100%  failure  of  the  first  pigtail  are  considerd  as  research 
tools  and  may  be  eliminated  for  purposes  of  quality  assurance. 

3.  Pigtails  are  formed  by  wrapping  the  Insulated  conductor  around 
Itself.  Colls  are  formed  by  wrapping  the  Insulated  conductor 
around  a  steel  mandral  with  the  same  diameter  as  the  insulated 
wire. 
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STABILITY  OF  POLYETHYLENE  INSULATIONS  IN  THE  FIELD  AND  LABORATORY 


T.N.Bowmer,  E.P.  Hjorth,  R.J.  Miner  and  O.S.  Gebizlioglu 

Bellcore 

New  Jersey.  U.S.A. 


ABSTRACT 

The  latest  design  of  polyolefin  insulations  used  for 
copper  telecommunication  wires  cracked  after  less  than  a 
decade  in  the  field.  We  ha\e  compared  insulations  aged  in 
the  field  with  those  subjected  to  accelerated  aging  tests  in 
the  laboratory.  The  thermal  stability  tests  currently  used 
in  U.S.A.  cable  requirements  were  shown  to  be 
inadequate  for  ensuring  the  desired  40  year  lifetime  in  the 
field  environment.  The  effects  of  physical  stress  and 
stabilizer  extraction  on  the  aging  of  cable  insulations  were 
examined.  Insulated  wires  stressed  into  tight  wrapped 
coils  were  found  to  degrade  3-4  times  faster  than  straight 
unstressed  wires.  In  addition,  extraction  of  stabilizers  by 
the  filling  compound  increased  degradation  rates  by 
another  factor  of  3-4.  f  illing  compounds  extracted  the 
stabilizers  equally  efficiently  from  both  solid  and  foam- 
skin  insulation  designs. 

INTRODUCTION 

A  large  percentage  of  telecommunication  cables 
consist  of  polyolefin  insulated  conductors  (PIC)  grouped 
into  color  coded  pairs  and  protected  by  metallic  and 
plastic  sheaths.  The  latest  design  of  PIC  cable  utilizes 
insulations  of  high  density  polyethylene  (HDPE) 
consisting  of  an  inner  coating  of  foamed  HDPE  with  an 
outer  skin  of  solid  HDPE.  Foam-skin  HDPE  insulations 
began  to  be  deployed  around  1976  and  were  expected  to 
last  40  years.  However  insulations  have  cracked  inside 
pedestals  after  less  than  a  decade  in  the  hot  southwest  of 
the  U.S.A.'.  Clearly,  the  test  procedures  used  to  evaluate 
these  insulations  did  not  simulate  the  operating 
environment. 

The  insulations  arc  alicctcd  by  many  environmental 
factors  but  the  two  most  important  are  believed  to  be 
temperature  and  physical  stress.  High  temperatures 
accelerate  the  rate  of  both  oxidation  of  the  polyolefin  and 
stabilizer  loss  by  extraction  and  evaporation.  Since  1972, 
buried  cables  have  been  filled  with  a  waxy  hydrocarbon 
compound  to  make  them  water  resistant.  These  filling 
compounds  have  been  reported  however  to  extract 
stabilizer  from  the  insulation  particularly  when  the  cable 
reel  is  exposed  to  the  sun  during  storage  and  or  transport 


before  installation*'4.  Once  buried,  temperatures  are 
cooler  and  extraction  of  further  stabilizer  is  assumed  to  be 
minimal.  Physical  stress  accelerates  craze  formation  and 
crack  propagation.  It  is  important  therefore  that  test 
procedures  designed  to  screen  cable  insulations  for  long 
term  applications  take  these  factors  into  account. 

The  Oxidative  Induction  lime  (Oil  )  test  and  the 
EPIC  (Experimental  Pedestal  Installation  Complex) 
pedestal  tesD  have  been  used  to  evaluate  the  stability  of 
PIC  insulations.  The  OIT  test  determines  the  time  for 
oxidative  degradation  to  begin  at  high  temperatures 
(typically  200  C)  in  pure  oxygen.  This  test  is  excellent 
both  for  screening  materials  and  for  quality  control  since 
relative  changes  in  OIT  values  represent  changes  in 
stability  and  or  stabilizer  concentrations.  The  absolute 
OIT  value  is  less  important  since  it  can  not  be  used 
reliably  to  forecast  insulation  lifetime.  However,  very  low 
OIT  values  of  0-2  minutes  imply  that  little  or  no 
stabilizer  is  present. 

In  the  pedestal  test,  insulated  wires  tire  healed  in 
laboratory  pedestals  at  various  elevated  temperatures.  The 
times  at  which  the  insulations  crack  are  noted  and 
lifetime  predictions  are  then  made  by  extrapolating  to 
field  temperatures.  The  pedestal  test  has  proved  reliable 
for  predicting  failures  in  LDPE  insulations ‘•y(\ 

Monitoring  degradation  inside  forced-air  ovens  is  an 
alternative  accelerated  aging  technique,  but  previous 
studies' H  suffered  from  large  variations  in  results  between 
laboratories.  These  variations  probably  resulted  from 
inadequate  temperature  control  fmm  oven  to  oven  since 
dilfcrent  ovens  may  have  different  air  exchanges, 
temperature  tolerances  and  inside  temperature  profiles. 

Current  PIC  cable  insulations  in  the  United  States  arc 
required  to  have  a  minimum  OIT  value  of  20  minutes 
and  survive  pedestal  tests  of  45  slays  at  110  C  and  I  year 
at  90'C  4.  These  test  conditions  were  expected  to  ensure  a 
40  year  life6  although  some  aging  results*10  predicted 
cracks  may  occur  in  foamed  and  foam-skin  polyethylene 
insulations  alter  only  10-15  years  in  the  field.  The  current 
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pedestal  test  involves  placing  loops  of  insulated  wires 
inside  a  heated  pedestal,  whereas  field  wires  are  typically 
twisted  together  for  easy  identification,  and  folded  coiled 
to  make  maximum  use  of  the  pedestal  space.  Therefore 
stress  should  be  applied  to  the  insulated  wires  in  the 
accelerated  aging  test  to  obtain  an  accurate  field 
simulation. 

There  arc  two  approaches  to  slow  the  degradation  of 
polyolefin  insulations  (a)  modify  the  operating 
environment  or  (b)  improve  the  insulation  material.  The 
former  may  involve  deploying  stabilizer  boosters, 
lowering  temperatures  inside  closures  through  use  of 
protective  shields  and  reflective  coatings,  using  secondary 
enclosures  or  even  elimination  of  the  ready-access  plant 
in  favor  of  closed  plant.  Improvement  of  the  insulation 
material  through  better  stabilizers,  more  stable  resins  or 
better  filling  compounds  also  represents  a  viable  approach 
but  requires  an  improved  stability  test  that  simulates  the 
operating  environment. 

This  paper  examines  the  effects  of  stress  and  stabilizer 
extraction  on  the  aging  of  PIC  cable  insulations.  Cables 
that  were  manufactured  in  1985  and  1987,  but  never 
installed,  were  examined  along  with  cables  recovered  from 
the  field  after  8-10  years  service.  Calibration  of  laboratory 
testing  to  real  field  experience  was  achieved  by  accelerated 
aging  of  these  cable  insulations  in  ovens  and  pedestals. 
Such  calibration  of  the  accelerated  test  is  essential  for  (1) 
accurate  field  lifetime  predictions,  (2)  evaluating  stability 
of  new  insulations  and  (3)  quantitative  assessment  of 
remedial  actions  for  insulations  already  installed. 


TABI.K  2  -  TEST I'ROd  lH  RES 


TABU:  I  WIRT  AM)  < ABU  SAMPLES 


CODE 

SAMPLE 

A 

Foam-skin  1 101*1 '  insulation,  tilled  cable.  1987 

B 

Foam -skin  IIDPF  insulation.  Hik'd  cable.  1987 

( 

Solid  IIDPF  insulation.  Hik'd  cable,  1987 

1) 

Foam-skin  HDPF  insulation,  tilled  cable,  1978 

(stored  outside  for  v ears  in  New  Jersey) 

E 

Solid  IIDPF.  insulation,  aircore  cable,  1985 

E 

Solid  IIDPF  insulation,  aircore  cable.  1987 

<; 

Solid  IIDI’K  insulation,  aircore  cable,  1987 

ii 

t  neabled  wire  insulated  with  solid  HDPF  (1987) 

( nev er  exposed  to  tilling  compound) 

i 

l  neabled  wire  insulated  with  foam-skin  IIDPF.  (1987) 

(never  exposed  to  filling  compound) 

\t 

Buried  section  from  in-service  cable  ( lucson,  Arizona) 

Foam  skin  insulation.  Hik'd  cable.  1977 

\2 

Buried  section  from  in-service  cable  (Tucson,  Arizona) 

Foam-skin  insulation,  tilled  cable,  1979 

VI 

Burk'd  section  from  in-service  cable  (Lafayette.  Louisiana) 

Loam -skin  insulation.  Hik'd  cable,  1979 

EXPERIMENTAL 

The  cable  and  wire  samples  used  in  this  study  arc 
shown  in  Table  I.  We  have  examined  foam-skin  insulated 
wires  in  filled  cables  and  solid  insulated  wires  in  both 
aircore  cables  and  tilled  cables,  fable  2  lists  the  various 
test  procedures  used  in  the  thermal  testing  of  PIC  cable 
insulations. 


1 IM 

precondiiionim; 

SVMPIE 

OVEN  IYPE 

CONDITIONS 

Oil 

lYSt  LA  IION 

CALORIMETER 

2(HT(  in  Oz 

< I KKENT 

none 

LOOP 

PFDFS  I  Al. 

I10°(  -45days 

PEDES  1  VI 

("static 

or 

oven") 

90°C,  1  year 

MODIl  IE1) 

none 

COIL 

I’EDES  1  \l. 

II0°( 

IT  1)1  SI  VI  in 

or  90°C 
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Standard  PC-6  (6x6x48  inch)  pedestals  from  Kisco 
Company  or  Champion  Metal  Products  were  used. 
Accessories  such  as  the  terminal  plates,  plastic  liners, 
grounding  straps  and  support  frames  were  removed  before 
testing.  Glas-Col  Apparatus  Company  supplied  260  Watt 
heating  mantles  to  fit  closely  over  the  top  12  inches  of  the 
pedestal.  Temperatures  of  110  or  90°C  (±1°C)  were 
maintained  at  the  sample  position  using  Omega  Model 
CN-310-R  TD-C  or  Glas-Co!  Model  #PL6I2 
proportional  controllers.  For  better  temperature  control, 
the  thermocouple  was  attached  to  the  pedestal  wall  close 
to  the  heat  source  (Figure  1).  An  CR  model  OTP-30A 
protection  probe  was  used  to  ensure  that  heat  surges  did 
not  expose  the  insulations  to  high  temperatures,  which 
contribute  disproportionately  to  the  degradation. 

The  isothermal  profiles  generated  in  a  heated  pedestal 
arc  shown  in  Figure  2  as  a  2-dimensional  view  throi;fah 
the  center  of  the  pedestal.  If  \iewed  in  3-dimensions, 
dome-shaped  isotherms  are  seen.  Tcmp-iaiurcs  increased 
rapidly  as  one  moved  up  the  pedestal  and  towards  the 
wall.  It  is  critical  to  keep  the  samples  close  to  the  apex  of 
the  profile  otherwise  the  acceleration  factor  and  predicted 
lifetime  will  be  greatly  altered.  The  sample  temperature 
was  monitored  with  thermocouples  positioned  at  the 
height  of  the  topmost  insulated  wire.  Similar  gradients  arc 
probably  found  in  field  pedestals. 

Blue  M  model  OV-5IOA-2  ovens  (ASTM  type  1 1 B 1 1 ) 
were  used  at  70  or  80  C  ( ±  1  C)  with  150-180  air 
exchanges  per  hour.  Insulated  conductors  from  ditferent 
cables  were  suspended  6  inches  apart  to  allow  an 
unrestricted  (low  of  air  over  the  samples  and  avoid  cross¬ 
contamination.  Preconditioning  of  cables  was  done  by 

hcatini:  sealed  cable  sections  at  7()5C  for  periods  up  to  6 
weeks. 

For  accelerated  aging  tests  in  pedestals  and  otens.  the 
insulations  were  removed  from  the  cable  sheaths,  the 
filling  compound  wiped  off  with  a  dry  cotton  cloth,  and 
the  insulations  stressed  as  outlined  below.  Typically.  25 
or  50  insulated  wires  were  selected  with  all  colors 
represented.  Oxygen  Induction  Times  (OIT)  were 
measured  in  aluminum  pans  at  200  C  on  insulations 
stripped  from  the  conductors  as  described  elsewhere1. 
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RESULTS  AND  DISCUSSION 
Current  Pedestal  Test 

The  current  pedestal  test  criteria  was  developed  from 
aging  studies  of  solid  11DPE  insulations  from  aircore 
cables6,5,4,  the  assumption  being  made  that  the  same  test 
conditions  would  simulate  forty  years  in  the  field  for 
foam-skin  insulations.  The  buried  field  cables  (X1.X2) 
recovered  alter  is- 10  years  underground  were  tested  and 
found  to  pass  the  current  test,  insulations  from  these 
buried  cables  had  OIT  values  of  40-60  minutes.  Since 
these  insulations  were  protected  by  cable  sheaths  in  a 
cool  environment,  they  are  assumed  to  have  at  least  the 
oxidative  stability  of  the  insulations  when  installed.  For 
these  buried  samples,  cracks  were  first  seen  after  120-140 
days  in  a  pedestal  at  HO  C.  From  the  current  test  as 
written  (i.c.,  45  test  days  ->  40  year  life),  one  would 
surmise  that  these  insulations  would  last 

40  years  x  130  test  days  to  failure 

— "- .  1 15  years 

45  day  test  minimum 

However,  insulations  in  the  pedestal  adjacent  to  this 
cable  had  OIT  values  of  -  1  minute  which  implied  little 
or  no  stabilizer  remains.  These  insulations  should  begin 
to  crack  in  another  1-3  years’,  giving  an  insulation 
lifetime  of  -  10  years. 

The  purpose  of  the  pedestal  test  is  to  simulate  the 
field  behavior  and  predict  a  minimum  lifetime  that  can  be 
expected  from  an  insulation.  The  analysis  of  the  field 
samples  shows  that  the  pedestal  test  as  currently  written 
in  the  product  requirements4  clearly  falls  short  of  this 
objective. 

Stress 

One  factor  missing  in  the  current  test  is  adequate 
simulation  of  the  mechanical  stresses  on  the  insulation 
during  cable  installation,  splicing  operations,  terminations 
and  routine  maintenance  activities  that  occur  during  the 
insulation's  lifetime.  Previous  work  on  LDPE  had  shown 
that  when  accelerated  aging  was  performed  in  pedestals 
with  insulations  twisted  in  pigtails  or  coils5-6,  the  tests 
predicted  the  field  cracking  times  of  LDPE  insulations. 

In  the  current  study,  stress  was  applied  by  wrapping 
the  insulated  wire  10  close  turns  around  a  mandrel  whose 
diameter  equals  the  DOD  (diameter  over  dielectric)  of  the 
insulated  wire.  For  example,  a  1.0  mm  diameter  mandrel 
was  used  for  a  24  AWG  gauge  wire  that  is  typically 
covered  by  0.2  mm  of  insulation.  The  mandrel  was 
removed  leaving  free  standing  coils  which  typically  have 
an  outer  diameter  of  3  mm  and  1-2  mm  between  coils 


(Figure  I).  Other  stress  configurations  used  were  (I) 
elongated  coils,  where  the  helix  coils  are  10-20  mm  apart 
but  the  outer  diameter  is  still  3  mm,  (2)  large  coils  with  a 
diameter  of  10  mm  and  -  5mm  between  coils,  and  (3) 
insulated  wires  twisted  around  one  another  to  form  a 
double  helix.  These  different  stressing  techniques  change 
the  direction  and  absolute  magnitude  of  the  stresses  as 
well  as  the  relative  degree  of  tensile,  compressive  and 
siteai  sticsscs1"  applied  to  the  insulation 

Linear  elastic  stress  analysis’2  predicted  the  relative 
stresses  shown  in  Table  3  for  the  different  sample 
configurations.  Close  wrapped  coils  have  high  tensile 
stresses  directed  along  the  axial  direction  of  the  wire 
which  will  lead  to  craze  formation  perpendicular  to  the 
wire  and  annular  cracking.  Elongated  coils  are  under 
lower  overall  stress  than  close  wrapped  coils,  and  the 
stress  pattern  is  much  more  complex  with  significant 
contributions  from  tensile,  compressive  and  shear 
stresses.  The  stress  magnitude  and  direction  is  more 


TABLE  3  LINEAR  ELASTIC  STRESS  ANALYSIS 


sample 

RELATIVE  STRESSES 

EOKM 

1  ENSII.I 

COMPRESSIVE 

SHEAR 

Stress 

Angle* 

Close  Wrapped 

(oils 

100 

10 

2 

40 

elongated 

(oils 

30-50 

65-50 

15 

25-30 

Large  Coils 

25 

5 

0.5 

15 

Loop 

5 

85 

5 

5 

*  Angle  between  maximum  tensile  stress  direction  and  wire  axis. 

sensitive  to  the  distance  between  the  coils  in  elongated 
coils  than  in  close  wrapped  coils.  The  elongated  coils  are 
therefore  expected  to  crack  later  than  the  close  wrapped 
coils  and  produce  cracks  at  a  25-40  degree  angle  to  the 
wire  axis.  The  large  coils  will  behave  like  close  wrapped 
coils  (i.e..  annular  cracks)  but  with  a  much  slower 
degradation  rate  since  the  stresses  arc  -4  times  smaller. 
The  loop  in  the  current  pedestal  test  has  stresses  less  than 
0.1  of  the  stresses  found  in  the  close  wrapped  coils  and 
therefore  will  take  considerably  longer  to  crack. 

These  conclusions  were  confirmed  by  experiments 
with  samples  A.B.XI  and  X2.  The  results  for  X2  in 
various  test  and  sample  configurations  are  shown  in 
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Tabic  4.  Our  samples  showed  that  as  the  stress  on  the 
insulation  increased  the  time  to  crack  decreased.  The 
degradation  rate  is  at  least  doubled  on  going  from  the 
elongated  coils  to  the  close  wrapped  mandrel  coils.  The 
order  of  cracking  is  close  wrapped  coils  >  elongated  coils 
5  twists  >  large  coils  >  loops  =  straight  wires.  In 
addition,  the  predicted  pattern  of  annular  cracks  in  close 
wrapped  coils  and  loops,  and  angular  cracks  along  the 
insulation  in  the  elongated  coils,  was  also  found. 


tabu:  4  t  urn  or  smrss  on  vt.tvt;  or  sampi  r  \2 


SAMPI  K 

DAYS  TO  FIRST  CR  U  K 

Conditions 

Form 

Pedestal,!  1 0°C 

Oven.SIPC 

NO 

loops 

115 

PRECONDITIONING 

(  lost1  W  rapped  Coils 

60 

70 

PRECONDIUONED 

loops 

a  r 

<  lose  \\  rapped  (  oils 

25 

7«°(  FOR 

Elongated  Coils 

45 

4  WEEKS 

l.arjjc  (  oils 

>70 

The  close  wrapped  coil  configuration  is  preferred 
because  it  accelerates  the  degradation  at  a  faster  rate  than 
the  other  configurations  and  shortens  the  test  time.  In 
addition,  the  type  and  magnitude  of  the  stress  is  easy  to 
reproduce  and  there  is  minimal  handling  of  the  insulated 
wires.  Fingernail  pressure  and  or  a  tight  grip  on  the 
insulation  can  cause  defects  that  can  initiate  cracks 
prematurely.  These  defects  are  reduced  in  the  mandrel 
wrapped  coils  where  the  stress  is  taken  up  smoothly  by 
the  polished  surface  of  the  mandrel  and  the  coiled  region 
rarely  needs  to  be  handled.  Using  the  elongated  coils  it  is 
difficult  to  reproduce  stresses  and  hence  variable  rates  of 
cracking  will  occur.  Large  coils  and  loops  are  low  stress 
configurations  that  increase  the  test  time. 

Stabilizer  Extraction 

Brown  and  Davis4  have  suggested  that  heating  a 
sealed  cable  at  70’C  for  4  weeks  simulates  the 
environmental  effects  experienced  by  a  cable  sitting  in  a 
hot  reel  yard.  Figure  3  and  Table  5  show  the  effect  of 
aging  at  70  C  on  the  Oil  values  of  the  insulations  The 
Ol  F  value,  and  therefore  the  effective  stabilizer 
concentration  in  the  insulation,  decreases  in  a  two  step 
process.  The  OIT  value  decreased  by  50-(,()%  over  the 
first  two  weeks,  after  which  the  rate  of  loss  slowed  to 
per  week,  i.c..  one  half  of  the  stabilizer  package 
was  easily  lost  while  the  remainder  was  strongly  retained 


The  long  term  stability  and  field  lifetime  ot  the  cable 
should  thus  be  determined  by  these  strongly  held 
stabilizers.  During  healing  of  the  cable,  the  OIT  value  ot 
the  adjacent  filling  compound  first  increased  and  then 
decreased  after  -  I  week  suggesting  that  the  stabilizers 
moved  from  the  insulation  to  the  adjacent  filling 
compound,  and  then  diffused  throughout  the  rest  of  the 
tilling  compound  and  cable  components. 

OIT  values  are  shown  in  Table  5  as  a  function  of  time 
at  70  C  for  foam-skin  and  solid  insulations  that  have 
been  (a)  never  exposed  to  filling  compounds,  (b)  exposed 
to  filling  compounds  in  sealed  jars,  (c)  exposed  to  filling 
compounds  as  part  of  the  normal  manufacturing 
procedure,  or  (d)  recovered  from  the  field  after  being 
buried  for  8-10  years.  In  the  absence  of  filling 
compounds,  the  OIT  values  for  foam-skin  and  solid 
insulations  decreased  by  less  than  20%  after  4  weeks  at 
70°C.  When  filling  compounds  were  present,  large 
reductions  (  >  50%)  in  OIT  values  were  observed  in  both 
foam-skin  and  solid  insulations. 


Fig. 3  70°(  AC.1\(; 
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Insulations  from  cable  manufactured  in  1987  that  was 
preconditioned,  i.e.,  heated  at  70°C  for  4  weeks,  has  50- 
70%  lower  OIT  values  than  the  8- 10  year  old  cable 
insulations  that  were  manufactured,  stored  and  buried  in 
the  Phoenix, Tucson  area  of  Arizona.  The  area’s  climate 
is  known  to  be  hostile  for  PIC  insulations  since  the  first 
reports  of  LDPE  cracking  in  the  1960s,  of  poly  propylenes 
in  the  1970s  and  now  foam-skin  HDPE  insulations  in  the 
1980s  all  originated  there.  Furthermore,  preconditioning 
the  buried  cables  reduced  the  OIT  values  of  their 
insulations  by  75%.  These  results  imply  that  aging  cables 
for  4  weeks  at  70 °C  may  be  too  severe,  since  it  results  in 
a  much  greater  loss  of  stabilizer  than  has  been  seen  in  the 
field. 
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Accelerated  Aging  Tests 

Accelerated  aging  at  elevated  temperatures  may  be 
carried  out  in  laboratory  pedestals  or  mens  to  simulate 
the  thermal  oxidation  of  PIC  cable  insulations  in  the 
field.  Table  6  lists  the  art  vantages  and  disadvantages  for 
each.  Ihe  pedestal  test  has  the  advantages  that  the  test 
apparatus  is  similar  to  pedestals  used  in  the  field  and  the 
test  has  a  successful  record  in  predicting  LDPE  cracking. 
However,  it  not  only  takes  a  long  time  (45  days,  I  year) 
at  high  temperatures  (90  C.  HOC),  but  also  there  tire 
large  temperature  variations  inside  the  heated  pedestal 


TABI.E  6  PKDKSTAl.  VKRSl  S  OVEN 
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(Figure  2).  The  advantages  of  ovens  include  uniform 
temperature  control,  an  enhanced  airflow  to  accelerate 
evaporation  of  stabilizers  from  the  insulations,  and 
shorter  test  times  at  lower  temperatures.  Although  the 
airflow  facilitates  shorter  test  limes,  prediction  errors  may 
occur  since  the  extrapolation  from  forced-air  oven  to  field 
closure  may  be  inaccurate.  No  adequate  correlation 
between  oven  test  time  and  field  lifetime  is  available. 

We  subsequently  tested  field  samples  and  "as 
manufactured”  insulations  by  both  pedestal  and  oven 
tests.  Cross  correlations  between  oven  testing,  pedestal 
testing,  field  aged  samples  and  newly  made  insulations 
should  enable  selection  of  the  test  procedure  that  best 
simulates  the  field  environment  and  will  predict  the  field 
lifetime  of  insulations. 

Pedestal 

Ihe  results  of  pedestal  testing  are  summarized  in 
Figure  4  and  Table  7.  The  OIT  values  of  the  insulations 
dropped  exponentially,  reaching  values  of  0. 3-0.6  minutes 
in  less  than  40  days  for  all  samples;  i.e.,  little  or  no 
stabilizer  remained.  T  his  decay  occurred  -  3  times  faster 
for  insulations  that  were  preconditioned.  Cracking  began 
15-40  days  after  the  OIT  value  reached  these  low  values. 
I  his  latency  period  was  determined  by  the  growth  rate  of 
crazes  which  is  determined  by  applied  stress  on,  and 
defect  concentration  in.  the  insulation  11 1 
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Fiji  -*  pedestal  TEST  RESULTS  AT  I  IO“C 
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An  effect  of  the  temperature  variations  in  the  pedestal 
is  shown  in  Figure  4.  For  example,  the  OIT  of  insulation 
from  a  coil  of  sample  B  situated  at  the  apex  of  the  1  IO°C 
isotherm,  was  reduced  to  <1  minute  in  ^  40  days.  It 
took  65  days  for  insulation  from  the  same  wire  situated 
2-5  inches  lower  in  the  pedestal  and  therefore  exposed  to 
cooler  temperatures,  to  reach  the  same  value.  Sample 
configuration  did  not  affect  OIT  loss  since  similar 
mcasuiements  inside  an  oven  showed  the  same  OIT 
values  for  coiled  and  straight  portions  of  the  insulated 
wire.  Stress  reduced  the  latency  period  between  stabilizer 
loss  (OIT  SO)  and  visible  crack  formation.  Therefore,  it  is 
believed  that  stress  decreased  this  time  for  crack 
formation  by  increasing  craze  production  and  crack 
propagation  rates  and  not  by  enhancing  stabilizer  loss. 

After  2-4  weeks  in  the  pedestal  test,  crystals  were 
observed  on  all  parts  of  the  insulated  wire  in  the  heated 
zone.  Stabilizer  has  apparently  migrated  to  the  surface  of 
the  insulation  and  formed  crystals.  In  oven  testing,  no 
crystals  were  seen  since  evaporation  rates  were  high. 

After  the  latency  period,  the  insulations  e racked 
linearly  with  time  and  at  comparable  rates  for  all  colors 
except  white  which  cracked  -  10-I5"'u  sooner  than  all  the 
other  colors.  This  is  in  contrast  to  the  1960’s  l.DPE  case 
where  reds  and  whites  cracked  much  earlier  than  other 
colors  and  black  insulations  never  cracked514.  This  is 
probably  a  result  of  improved  understanding  of  pigment 
chemistry,  stability  and  dispersion  by  manufacturers. 

Two  I9S7  cable  insulations  from  different 
manufacturers  showed  similar  aging  behavior  in  terms  of 
time  to  crack  and  slope  (*»  per  day)  values.  When  these 
insulations  were  preconditioned  at  70  C  for  4  weeks, 
cracking  was  observed  after  36  and  22  days  at  1 10  C  at  a 
rate  of  4  and  5*0  per  day  respectively.  Without 
preconditioning,  the  same  cable  insulations  survived  more 
than  00  days  before  they  started  to  crack  at  a  rate  of  1.5- 
2°<i  per  day.  The  field  samples  from  1077  and  1070,  i.c.. 
insulations  recovered  from  the  buried  portion  of  an  in- 
service  cable,  began  to  crack  "  30°  «  sooner  than  the  new 
cables  and  at  higher  rates,  see  Table  7. 

Based  on  these  pedestal  results,  cables  manufactured 
in  log 7  would  appear  to  be  -  1.5  times  more  stable  than 
the  field  samples  (XI  and  A2).  Even  so.  they  would  still 
not  survive  the  desired  40  year  lifetime,  but  should  crack 
after  -  15  years  in  similar  environments  as  \|  and  \2. 

Insulations  from  preconditioned  |OS7  cables  cracked 
2-3  times  faster  than  insulations  aged  10  years  in  the  field 
further  substantiating  the  conclusions  drawn  from  Ol  1 
measurements  that  preconditioning  cables  at  7()  c  for  4 
weeks  is  excessive. 
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°/o  CRACKED  OIT  (MINUTES) 


Oven  Testing 

Oven  testing  results  at  SO  C  are  summarized  in 
Figures  5-6  and  Table  S  and  are  in  general  agreement 
with  the  pedestal  testing  results  in  that: 

•  Coiled  insulation  cracked  first. 

•  All  colors  cracked. 

•  Preconditioning  increased  degradation  rates. 

•  Preconditioned  modem  (19X7)  cable  insulations 
cracked  2-3  times  faster  than  10  yeat  old  field 
samples. 

•  OIT  values  decreased  exponentially  long  before 
cracking  occurred. 

•  There  was  always  a  latency  period  of  10-40  days 
between  stabilizer  depletion  and  onset  of  cracking. 

•  The  1977  and  1979  field  insulations  were  1.3-1. 7 
times  less  stable  than  the  modem  19X7  cables. 


Kig.5  OVEN  AGING  RK.Stl.  IS  AT  urn: 
Effect  of  Preeonditioning 


The  effects  of  different  preconditioning  conditions  on 
the  19X7  cables  (A  and  B)  periods  are  shown  in  Figure  5. 
These  conditions  were  (1)  not  preconditioned.  (2) 
preconditioned  for  2  weeks  at  70°C,  and  (3) 
preconditioned  for  4  weeks  at  70  C.  As  expected  from  the 
OIT  data  in  Figure  3.  the  first  two  weeks  of 
preconditioning  at  7(TC  had  a  disproportionate  effect  on 
the  lifetime  of  the  insulation.  For  example, 
preconditioning  insulation  A  for  2  weeks  at  70°C  reduced 
the  time  to  crack  by  more  than  50%  ( >  70  days)  during 
X0:C  aging.  Preconditioning  for  4  weeks  only  decreased 
the  time  to  crack  by  a  further  20-25%  (10-15  days). 

Solid  HDPE  insulations  from  aireore  cables  (samples 
E.F  and  G)  have  not  cracked  after  200  days  and  the  OIT 
value  for  sample  E  is  still  greater  than  30  minutes. 
However  when  these  insulations  were  exposed  to  filling 
compounds  before  oven  testing,  then  they  cracked 
quickly.  For  example,  a  three  inch  section  of  cable  F  was 
filled  with  an  Extended  ThermoPlastic  Rubber  (ETPR) 
compound  and  preconditioned  for  4  weeks  at  70°C. 
These  insulations  cracked  after  32  days  aging  at  X0°C. 
Such  preliminary  data  suggests  that  solid  insulations  arc 
susceptible  to  stabilizer  extraction  similar  to  foam-skin 
insulations  with  the  resultant  decrease  in  lifetimes. 

Kig.6  OVKN  AGING  RKSI  I.TS  AT  80°C 
Kidd  Samples  and  19X7  Tables 


TIME  AT  80°  C  (DAYS) 
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TABLE  8  80°(  OVEN  TESTING  RESLLTS 


swim: 

OVKN 

M  MBt  R  or  Days  i  mil 

It  A  I  K* 

(see 

I  KS  I  tf 

initial 

25% 

50% 

(%  per  (lav ) 

I  able  1 ) 

(see  Tabic  2) 

(rack 

Cracked 

Cricked 

A 

i 

>  150 

A 

T 

>  150 

A 

3 

65 

>  100 

A 

-1 
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85 

~  125 

(1.5 

B 

1 

>  150 

B 

■» 
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B 
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50 

75 
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4 
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80 
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i 
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'7 

\: 

1 

\2 

■» 

70 

00 

120 

2 

\2 

4 

30 

35 

-  6 

1) 

i 

>  150 

1) 

2 

60 

75 

00 

■> 

(a)  Rate  =  slope  of  lines  in  Figures  5  A  6. 


SUMMARY 

The  current  thermal  stability  tests  for  cable  deployed 
in  the  U.S.A.  do  not  guarantee  a  40  year  life  for  the 
insulation  in  a  pedestal  environment.  Cable  insulations 
that  meet  these  current  test  requirements  are  known  to 
fail  after  less  than  a  decade  in  hot  parts  of  the  country. 
Either  the  pedestal  closures  should  be  redesigned  or  else 
the  test  requirements  improved  to  better  simulate  the  field 
experience. 

Although  today's  cables  arc  '-1.5  times  more  stable 
than  cables  installed  10  years  ago.  they  will  still  not  last 
the  desired  40  years.  Improved  cable  formulations  may 
improve  these  lifetimes  by  changing  the  resin,  the 
stabilizers  and  or  filling  compounds.  These  formulations 
are  complex  mixtures  and  therefore  compatibility  between 
components  needs  to  be  considered  earls  in  the  design 
process  to  avoid  deleterious  interactions  and  seek 
ad  v  a n  t ageo  u  s  synergies . 

An  accurate  accelerated  aging  test  requires  the 
insulations  to  be  stressed  and  possibly  preconditioned. 
Stress  simulates  physical  activity  during  installation, 
maintenance  and  repair.  Coiled  insulations  prepared  on  a 


mandrel  are  best  since  they  (I)  are  simple  to  make  and 
examine.  (2)  have  minimal  defects  introduced  during 
handling,  and  (3)  stress  the  insulations  uniformly  and 
consistently.  Preconditioning  was  expected  to  simulate 
stabilizer  extraction  by  filling  compounds  that  can  occur 
before  the  cable  is  installed.  However,  preconditioning  at 
70  C  for  4  weeks  appears  too  severe.  Such  conditions 
may  simulate  cables  exposed  to  high  temperatures 
(II0F  +  )  for  many  months  or  years  in  a  reel  yard,  but 
they  do  not  correlate  with  measurements  on  cable  that 
has  already  been  in  the  field  for  10  years  in  hot  climates, 
eg.  Arizona. 

Both  pedestal  and  oven  tests  are  useful  as  accelerated 
aging  tests,  but  more  data  is  needed  on  reproducibility 
and  extrapolation  to  field  lifetimes.  The  tolerances  in 
parameters  such  as  temperature  control,  airflow  rates, 
preconditioning  times  and  temperatures,  and  applied 
stresses  need  to  be  evaluated  further.  Our  preliminary 
studies  show  that  consistent  cracking  results  are  obtained 
if  temperature  is  maintained  at  ±  1  -2'C  and  close 
wrapped  coils  are  used.  With  these  procedures,  10  years 
in  the  field  is  equivalent  to  60-70  days  in  a  pedestal  at 
110  C  or  60-70  days  in  a  forced-air  oven  at  SO  C.  If  the 
cables  are  preconditioned  at  70  C  for  4  weeks.  10  years  in 
the  field  becomes  equivalent  to  -  20  days  in  either  a 
pedestal  at  110  C  or  an  oven  at  SO  C.  Accelerated  aging 
of  preconditioned  samples  may  represent  a  worst  case 
scenario  where  cables  tire  exposed  to  the  hot  sun  for  a 
long  time  before  installation,  used  in  ready  access  plant 
and  where  the  pedestal  enclosure  has  full  sun  exposure. 
The  intrinsic  variations  that  occur  in  insulation 
manufacture,  the  test  procedure  and  the  laboratory-to- 
fteld  correlation  need  to  be  assessed  before  the  test  can  be 
applied  to  all  cables  from  all  manufacturers.  Tests  on  a 
wide  selection  of  cables,  at  a  variety  of  temperatures  and 
in  different  laboratories  are  in  progress  to  optimize  the 
test  conditions  and  procedures. 
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THE  EFFECT  OF  FILLING  COMPOUND 
ON  THE 

CAPACITANCE  OF  FOAM-SKIN  INSULATION 
LABORATORY  SIMULATION  VS.  CABLE  PERFORMANCE 


D.  M.  Mitchell 


ABSTRACT 


AT&T  TECHNOLOGIES,  INC. 
PHOENIX,  ARIZONA 


Capacitance  measurements  have  been  made 
periodically  at  60-degrees  C  and  at  room 
temperature  on  individual  pairs  of  conductors 
with  foam-skin  insulation,  encapsulated  in 
ETPR-type  cable  filling  compounds.  Results 
from  the  laboratory  method  have  been  compared 
with  data  obtained  from  completed  cable  when 
held  at  constant  60-degrees  C  and  with  cables 
exposed  to  atmospheric  temperature  changes 
in  aerial  and  buried  environments.  The 
results  show  that  the  increase  in  capacitance 
observed  for  individual  pairs  when  immersed 
in  excess  compound  can  be  significantly 
greater  than  that  for  the  same  combination 
of  filling  compound  and  insulated  conductors 
in  cable.  ETPR  compounds  have  been 
formulated  that  minimize  capacitance  increase 
while  retaining  desirable  properties  for 
filled  cable. 


A  variety  of  compounds  and  methods  for 
application  have  been  suggested  (6,  10)  for 
the  treatment  of  cable  cores  to  resist  or 
mitigate  the  effects  of  water  entry.  Sabia 
(11)  has  provided  a  comprehensive  review  of 
representative  classes  of  materials. 
Compounds  consisting  of  petrolatum  and 
selected  additives,  PE/PJs,  or  of 
thermoplastic  rubbers  (11)  extended  in 
mineral  oil,  ETPRs ,  are  currently  in  general 
use  in  the  United  States,  and  their  relative 
effects  on  cable  transmission  properties  are 
understandably  of  interest.  Stratton, 
Foessing,  and  Burkhard  (12)  have  monitored 
the  electrical  capacitance  vs.  time  of  short 
lengths  of  foam-skin  insulated  conductors 
encapsulated  in  bulk  quantities  of  PE/PJ  or 
of  ETPR  type  compounds,  at  70  degrees  C  and 
at  room  temperature. 


INTRODUCTION 

The  advantages  of  foam  or  foam-skin 
insulations  for  use  in  filled,  multipair, 
telephone  cables  -  and  the  considerations 
related  to  their  use  -  have  been  identified 
and  discussed  previously  (1-3).  Indeed,  the 
pertinent  literature  has  become  quite 
extensive  and  in  referencing  selected  papers, 
we  have  no  intention  to  overlook  other 
contributors.  The  References  in  the  papers 
cited  are  an  archive  for  the  interested 
reviewer.  It  is  of  historic  interest  to  note 
that  a  British  patent  issued  in  1930 
anticipated  the  expansion  of  insulating 
materials  for  improvement  of  dielectric 
properties  (4)  and  the  application  to  filled 
cable  was  proposed  by  Dean  in  1968  (1). 

Interaction  phenomena  between  filling 
compounds  and  plastic  insulation  materials 
were  recognized  at  an  early  stage  in  filled 
cable  development  (5,  6).  Reports  by  other 
investigators  have  followed  (7,  8),  providing 
additional  insight  and  reflecting  changes  in 
cable  design,  materials,  and  test  methods. 
Investigation  of  cell  structure,  per  se,  in 
the  presence  of  filling  compound  has  been  of 
particular  interest. 


It  is  the  purpose  of  this  paper  to  compare 
other  experimental  data  with  that  reported  by 
Stratton,  et  al.  In  addition,  results 
obtained  for  short  lengths  of  conductors 
encapsulated  in  bulk  compound  are  compared 
with  measurements  made  on  electrically  long 
sections  of  filled  cable. 

Field  Observations 

ETPR-1  filling  compound,  was  developed  for 
use  in  buried  multipair  telephone  cable; 
however,  its  properties  (11)  prompted  an 
interest  in  the  evaluation  of  an  aerial 
section.  An  important  objective  was  the 
observation  of  cable  handling  and  performance 
under  conditions  as  close  as  possible  to  the 
maximum  environmental  temperature  to  which 
cable  can  be  subjected  within  the  Continental 
United  States.  A  site  in  the  low  desert  of 
Arizona  was  selected  to  install  50-pair,  22 
gauge  cable  containing  ETPR-1  filling 
compound  and  having  an  ASP  sheath.  The 
foam-skin  insulation  is  designed  for  83  nf/mi 
nominal  mutual  capacitance. 


The  field  trial  was  designed  to  permit  direct 
comparison  of  the  performance  of  aerial  and 
buried  cable  sections.  *  41~8-foot  aerial  section 
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was  directly  connected  to  2483  feet  of  buried 
cable.  Terminal  cabinets  were  provided  at 
ground  level  at  each  end  of  the 
aerial  portion,  for  periodic  transmission 
measurements.  Mutual  capacitance  has  been 
monitored  over  an  eight-year  period  and  is 
reported  below. 

Experimental  Procedure 

Data  obtained  from  the  above  cable  have  been 
compared  with  measurements  of  mutual 
capacitance  made  on  approximately  1000  feet 
of  200-pair,  22  gauge  cable  with  ETPR-1 
filling  compound  and  ASF  sheath,  coiled  on  a 
reel  and  neld  at  constant  60-degree  C  for  an 
extended  time  period.  The  comparison  is 
completed  with  results  obtained  from  22-gauge 
twisted  pair,  approximately  100-feet  long, 
coiled,  encapsulated  in  bulk  ETPR-1  filling 
compound  and  held  at  constant  60-degree  C. 
Figure  1  shows  the  relative  changes  in 
capacitance  with  time  for  each  configuration. 

Throughout  this  report,  the  term 
"encapsulated"  describes  short  lengths  of 
twisted  pairs  or  single  conductors  immersed 
in  excess  filling  compound.  Twenty-six 
gauge,  foam-skin  insulated  conductor  designed 
for  83  nf/mi  nominal  capacitance  has  been 
used,  unless  otherwise  noted. 

The  effect  of  a  modified  filling  compound, 
ETPR-2,  on  the  capacitance  of  foam-skin 
insulation  has  been  included  for  comparison 
with  ETPR-1  filling  compound  and  ETPR-3 
compound  (12).  Figure  2  compares  ETPR-2 
filling  compound  on  26  gaico  wire  at 
60-degrees  C  with  the  results  rt  .ed  (12) 
on  24  gauge  wire  at  70-degrees  C.  Figure  3 
shows  the  relative  time-dependent  capacitance 
change  in  separate  ETPR  compounds  at 
60-degrees  C,  of  26  gauge,  foam-skin 
insulated,  twisted  pairs.  Figure  4  compares 
the  capacitance  change  in  26-gauge  cable  at 
60-degrees  C  for  the  same  two  compounds. 
Capacitance  vs.  time  has  also  been  measured 
at  room  temperature  for  26  gauge  foam-skin 
twisted  pairs  encapsulated  in  PE/PJ ,  ETPR-1 
filling  compound,  and  ETPR-2,  filling 
compound  respect!  *ely*,  the  results  are  shown 
in  Table  I. 

Discussion 


From  Figure  1  it  is  seen  that  the  change  in 
capacitance  resulting  from  the  exposure  of  a 
short  length  of  twisted  pair  encapsulated  in 
bulk  filling  compound  is  substantially 
|  greater  than  that  observed  for  comparable 

filled  cable  at  the  same  continuous 
temperature.  The  aerial  cable  has  approached 
a  limiting  change  in  mutual  capacitance  after 
8  years,  at  the  same  level  approached  by  the 
test  cable  in  6  months.  The  latter  result 
can  be  explained  by  the  difference  between 
exposure  to  a  constant  high  temperature  and 
I  to  atmospheric  variations.  Although  the 


explanation  is  less  clear  for  the  difference 
in  capacitance  change  between  the  isolated 
pair  and  the  completed  cable  at  the  same 
constant  temper aCure,  the  result  is 
experimentally  repeatable.  We  have 
considered  the  remarks  of  Eoll  (.]'})  a-nf 
Tenzer  and  of  Olszewski  (14)  with  respect  to 
this  observation.  Notwithstanding  the  change 
observed  for  the  encapsulated  pair,  the 
mutual  capacitance  of  the  buried  section  has 
not  changed  significantly  during  the  8-year 
period.  This  is  particularly  noteworthy 
since  cable  containing  ETPR-1  filling 
compound  was  developed  for  buried  service. 


Figure  2  provides  a  qualified  comparison  of 
the  performance  of  foam-skin  insulated 
conductors  in  ETPR  type  compounds.  Stratton 
et  al .  (12)  tested  ten  feet  of  24-gauge 
single  conductor  at  70-degrees  C,  whereas  our 
data  are  based  on  approximately  100-feet  of 
26-gauge  twisted  pair  at  60-degrees  C.  Since 
the  results  include  two  ETPR  type  compounds 
under  somewhat  comparable  conditions,  there 
is  an  indication  that  significantly  different 
effects  can  result  for  different  formulations 
within  the  same  generic  class. 

Figure  3  presents  data  for  short  lengths  of 
twisted  pairs  of  26  gauge  foam-skin  insulated 
conductors  encapsulated  in  ETPR-1  and  ETPR-2 
filling  compounds  respectively,  and  held  at 
60-degrees  C.  This  comparison  indicates  that 
ETPR-2  filling  compound  should  demonstrate 
less  change  in  capacitance  when  t^st  -  in 
cable.  That  indication  is  confirmed  by  the 
data  displayed  in  Figure  4.  It  will  be 
noted,  however,  that  in  each  case  the  change 
in  cable  is  significantly  less  than  that 
obtained  for  isolated  pairs. 
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Conclusion 


Twisted  pairs  of  26  gauge  foam-skin  insulated 
conductors  have  been  encapsulated  in  ETPR-1 
and  ETPR-2  compounds  and  PE-/PJ  and  held  at 
room  temperature  for  5-1/2  months. 
Capacitance  has  been  monitored  during  that 
period  and  is  reported  in  Table  1.  The 
changes  indicated  thus  far  are  signif icantly 
less  than  those  reported  by  Stratton,  et  al . 
(12)  for  an  ETPR  type  compound;  the  work  is 
continuing  and  will  be  compared  with  long 
terra  data  from  the  outdoor  exposure  of 
finished  cable. 


As  pointed  out  by  others  (13,  14),  the 

testing  of  short  lengths  of  insulated 
conductors  in  bulk  filling  compound  is 
convenient  and  economical  for  the  preliminary 
evaluation  of  electrical  compatibility 
between  insulating  and  filling  materials. 
The  results  reported  here  confirm  the 
validity  of  the  method  for  that  purpose; 
however,  it  must  be  noted  that  indications 
obtained  by  testing  in  bulk  compound  do  not 
necessarily  predict  quantitatively  the 
performance  in  finished  cable.  Furthermore, 
the  experimental  results  indicate  a 
significant  difference  in  the  effect 
different  ETPR  type  compounds  on  foam-skin 
insulations . 

A  standardized  test  method  is  essential  for 
the  critical  comparison  of  results. 
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ABSTRACT 

Accelerated  aging  of  solid  and  foam-skin  insul¬ 
ated  filled  telephone  cable  samples  at  70°c  and 
their  resultant  mutual  capacitance  changes,  to 
be  more  meaningful  to  the  cable  user  or  the  cable 
manufacturer,  have  to  be  related  to  the  tempera¬ 
ture  that  the  cables  will  experience  during  their 
anticipated  service  life  of  20  to  40  years.  This 
study  makes  an  attempt  to  establish  such  a  cor¬ 
relation  using  an  assumption  that  the  Arrhenius 
relationship  obtained  in  time-temperature  studies 
of  embrittlement  of  insulations  is  also  applica¬ 
ble  to  the  kinetics  causing  capacitance  changes 
in  70°C  aging.  It  becomes  clear  that  low  geo¬ 
graphic  latitudes,  with  their  high  temperatures, 
represent  the  most  severe  global  environment,  and 
consequently,  the  maximum  possible  deviation  of 
mutual  capacitance  from  nominal.  For  the  same 
reasons,  aerial  installations  constitute  the  most 
severe  operating  environment.  The  study  shows, 
however,  that  both  solid  and  foam-skin  HDPE 
insulated  filled  telephone  cables  should  have 
sufficiently  stable  transmission  characteristics 
under  practically  any  climatic  condition.  An 
acceleation  factor  is  developed  which  relates 
days  of  70°C  aging  to  years  of  service  life.  The 
use  of  this  technique  indicates  that  the  mutual 
capacitance  change  of  well  designed  filled  tele¬ 
phone  cables  should  not  exceed  3  percent  over 
their  expected  service  life  under  the  most 
extreme  global  environments. 

INTRODUCTION 

Most  transmission  stability  studies  conducted  on 
filled  cables  by  the  cable  industry  have  employed 
oven  aging  and  insulation  weight  gain  versus  time 
or  capacitance  changes  of  cable  samples  versus 
time  ( 1 )  ( 2)  ( 31(4) ( 5) .  Publications  dealing  with 
actual  field  performance  are  few,  cover 
insufficient  times  of  exposure  to  the  operating 
environment,  or  describe  results  obtained  in  the 
underground  environment  and/or  temperate  climate, 
such  as  that  of  Great  Britain(6).  The  most 
significant  discussions  cover  foam-skin  filled 
cables  in  aerial  links  located  in  subtropical 
areas,  i.e.  FI  or i da { 7 )  and  Phoenix,  Arizona(8), 
and  the  observed  mutual  capacitance  changes 
ranged  from  +0.9  to  about  +4.0-  respectively  in  8 
years  of  operation. 

While  the  transmission  stability  versus  time  of 
filled  telephone  cables  in  a  given  operating 


environment  is  unquestionably  a  function  of  the 
insulation/filler  system,  its  prediction  for  the 
expected  service  life  of  up  to  40  years  has  to 
rely  on  accelerated  aging,  commonly  conducted  at 
70°C,  and  the  correlation  of  these  results  to  the 
actual  operating  conditions  and  time  spans.  The 
work  contained  herein  attempts  this  correlation 
using  a  basic  assumption  that  the  modified 
Arrhenius  relationship  obtained  in 

temperature-time  to  embrittlement  studies  on 
insulations  is  applicable  to  the  kinetics 
responsible  for  capacitance  changes. 

AGING  AS  A  FUNCTION  OF  TEMPERATURE 

General  Cable  Laboratory  studies  of  1000  Hz 
mutual  capacitance  stability  of  selected 
insulation/filler  systems  in  oven  aging  at  70°C 
are  shown  in  Figure  1. 
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FIGURE  I 

In  Figure  1  attention  is  drawn  to  the 
following: 

i.  All  the  insulations  shown  are  HDPE  type  and 
are  either  solid  or  foam- skin.  lower 
density  polyethyl enes  were  eliminated  as 
insufficiently  stable  while  plain  foam 
constructions  some  time  ago  were  judged  to 
be  unsuitable  for  filled  cable  designs. 
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ii.  The  bulk  of  the  experimental  data  is  on 
PE-PJ  filled  type  cables  for  a  period  of 
about  5  years.  The  ETPR  filler  type  cables 
at  the  time  of  writing,  had  less  than  200 
days  of  aging,  but  appear  to  have  similar 
stabil’ty  fn  pf-pj  filler  type  cables. 
This  tends  to  contradict  conclusions  and 
findings  reported  by  Stratton,  et  al  (9). 
The  greater  initial  drop  in  mutual 
capacitance  on  exposure  to  the  70°C  test 
temperature  has  to  be  attributed  to  the 
higher  oil  content  of  the  ETPR  compounds. 

iii.  All  the  capacitance  stability  curves  show 
the  basic  effect  of  initial  measurements 
made  at  about  20°C  versus  subsequent 
measurements  on  samples  exposed  to  70°C 
temperature.  The  two-day  data  points  most 
probably  reflect  elevation  of  relatively 
short  cable  samples  to  the  70°C  test 
temperature,  augmented  by  varying  degrees 
of  insulation  swelling  which  depend  on  the 
insulation/filler  system.  In  view  of  the 
foregoing,  the  two-day  normalized  data 
points  were  considered  to  be  a  "zero 
reference" . 

iv.  The  critical  importance  of  cell  structure 
in  the  foam-skin  HDPE/PE-PJ  cables  is 
illustrated  by  the  disparity  between  the 
curves  marked  (1)  and  (2).  The  former  was 
recorded  on  an  earlier  vintage  foam-skin 
design  which  was  characterized  by  an 
overblown  foam  layer  which  exhibited  large 
interconnecting  gas  cells.  Curve  (2) 
illustrates  a  state-of-the-art  design  and 
exhibits  a  minimum  deviation  from  initial 
condi  ti  ons. 

v.  Solid  insulations  in  general  exhibit 

negative  capacitance  changes  due  to  oil 
migration  and  swelling  of  solid  HDPE 
matrices,  except  that  PP  (propylene- 
ethylene  copolymer)  insulations  tend  to  go 
through  a  maximum,  typically  caused  by  lack 
of  adhesion  to  conductors  or  gaps  at  the 
conductor  surfaces  where  oils  migrate  and 
collect. 

The  air  oven  insulation  aging  data  to 

embrittlement  are  shown  in  Figure  1  (10).  This 
study  was  undertaken  primarily  to  determine  if  a 
classical  Arrhenius  plot  relationship,  of  twice 
the  reaction  rate  per  10°C  increase  in 
temperature  holds,  and  therefore,  can  be  used  for 
insulation  life  prediction  at  much  lower 

operating  temperatures.  The  plot  shows  clearly 

that  2x/10°C  holds  roughly  for  90°C  and  higher 
temperatures.  Between  70  and  90°C  the  rate 
increases  to  about  2.4x/10°C,  while  below  70°C 
the  rate  is  uncertain  as  no  failures  were 
obtained  after  1320  days  at  60°C,  but  is  at  least 
2.9x/I0c’C.  Additional  uncertainty  is  also 
contributed  by  test  data  scatter. 


FIGURE  2 


The  actual  performance  indicated  in  Figure  2  for 
HOPE  insulation  with  its  inflection  points  at  C 
(90°C)  and  possibly  at  E  (70°C)  was  expected  due 
to  the  characteristic  composition  of  the  PE-PJ 
filling  compound  in  which  the  insulations  were 
conditioned  for  Z  weeks  at  70°C  before  aging  at 
100,  90,  80,  70  and  60°C.  At  a  temperature  of 
115  to  120°C  the  filler  is  liquid,  but  its 
individual  components  undergo  a  phase  change,  or 
begin  to  solidify,  as  the  temperature  decreases. 
This  reduces  the  kinetics,  and  slows  down  the 
physical  aspects  of  aging. 

The  aging  performance  above  about  80°C  is  not  of 
particular  interest  from  the  point  of  view  of 
this  study,  since  filled  cables  are  not  expected 
to  operate  at  such  high  temperatures  and  because 
the  transmission  stability  studies  in  accelerated 
aging  (see  Figure  1)  are  typically  conducted  at 
70°C. 

The  small  break  in  the  curve  at  E,  or  about  70°C, 
is  most  probably  an  indication  of  some  transition 
in  the  PE  component.  ETPR  filling  compounds  can 
be  expected  to  undergo  a  similar  change  due  to 
the  presence  of  PE  wax. 

No  aging  tests  were  conducted  at  temperatures 
below  60°C  because  of  the  anticipated  extremely 
long  times  to  failure.  In  the  case  of  PE-PJ 
filler  additional  performance  inflection  points 
are  expected.  One  should  take  place  around  50'C 
since  at  this  temperature  microcrystal  1  i ne  wax 
components  are  expected  to  crystallize.  Thus,  at 
temperatures  of  50°C  and  below,  the  aging 
processes  can  be  expected  to  diminish  further, 
reflecting  in  a  decreased  slope  of  the  aging 
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performance  curve  of  Figure  2.  The  rubber'  and 
the  crystall  ization  of  waxes  encapsulate  the  most 
mobile  oil  constituents.  It  should  be  realized 
that  while  PE-PJ  compounds  typically  constitute 
10  to  15  percent  oils,  ETPR  compounds  utilize 
oils  in  the  range  of  90%. 

Assuming  that  the  kinetics  responsible  for  the 
aging  performance  depicted  in  Figure  2  are  also 
responsible  for  mutual  capacitance  changes  in 
aging  depicted  in  Figure  1,  and  taking  a 
conservative  approach,  or  slope  of  line  CO,  the 
aging  acceleration  factor  "a"  represented  by  70°C 
transmisison  (capacitance)  stability  studies 
becomes 

a  =  1  . (1) 

for  cables  operating  at  the  same  70°C  ( 1 58° F ) 
temperature,  while  for  any  other  operating 
temperature  T,  the  equation  becomes 

a  =  486e--0884T  . (2) 

where  T  is  in  °C 
or, 

a  =  2339e-*0491T  . (3) 

where  T  is  in  °F 

Outside  plant  cables  however,  never  operate  in 
the  constant  temperature  environment  and 
therefore  modifying  for  times  t  at  different 

temperatures,  the  combined  effective  acceleration 

factor  Af  represented  by  70°C  aging  becomes 


"T 

tl  *2 

t  n  •  * 

,...(4) 

+  + 

. . .  + 

al  a2 

an 

where 

( ti  +  t2  +  . . . 

•  +  tn)  = 

1,  or  one 

year 

operating  cycle. 

Thus, 

if  monthly 

temperature  statistics 

are  used. 

then  ( ti  = 

t2  =  . 

...  =  tn)  =  1/12  = 

.0833,  etc. 

In  general,  it  should  be  realized  that  the  finer 
the  time- temperature  intervals,  the  more  accurate 
will  be  the  approximation  of  the  actual  aging 
effects. 

AGING  AND  OUTSIDE  PLANT  OPERATING  ENVIRONMENT 

It  is  well  known  that  from  the  point  of  view  of 
temperature  extremes  the  aerial  operating 
environment  is  the  most  severe,  while  the  tropics 
encompass  the  regions  of  the  highest  temperature 
climates.  As  far  as  the  U.S.A.  is  concerned,  the 
country  spans  wide  latitudes  from  subtropics  to 
polar  regions  with  corresponding  variations  in 
climate.  A  scan  of  the  climatic  statistics  by 
the  U.S.  Department  of  Commerce,  National  Oceanic 
and  Atmospheric  Administration  (11)  reveals 
substantial  swings  in  temperatues  for  a  given 
northern  latitude  location,  but  any  given  outside 


plant  cable  has  to  be  designed  for  the  worst 
possible  location.  The  U.S.  weather  statistics 
for  high  population  locations  indicates  that 
Phoenix,  Arizona  at  33.5°  N.  latitude  has  higher 
summer  temperatures  than  Honolulu,  Hawaii  located 
in  the  tropics  at  about  21.8°  N.  latitude.  For 
this  reason  the  Phoenix  area  is  a  good  cable  test 
site.  Other  important  factors,  such  as  year 
round  temperatures  (11),  daylight  durations  (12) 
(Figure  3),  and  percentages  of  possible  sunshine 
(11),  cannot  be  overlooked. 


LATITWOt  MOUTH.  DEGREE! 


FIGURE  3 


The  issue  of  sunshine  is  critically  important 
since  aerial  cable  temperatures  can  be 
substantially  higher  than  ambient.  A  General 
Cable-Lenkurt  Electric  study  of  an  aerial  filled 
cable  experimental  link  in  Albuquerque,  New 
Mexico  (13),  showed  38.8°F  higher  cable 
temperature  than  ambient  with  zero  cloud 
coverage,  and  28.6°F  higher  than  ambient  cable 
temperature  with  10  or  complete  cloud  coverage. 
Heat  absorption  by  "black  body"  jacketed  cable 
and  infrared  radiation  respectively  are  the 
responsible  phenomena.  The  parameters  of 
equation  4  should  take  into  account  the  above 
discussed  phenomena  applicable  to  aerial  cable 
1  i  nks. 

Using  Phoenix,  Arizona  and  Honolulu,  Hawaii 
monthly  weather  data  as  a  basis,  the  acceleration 
factors,  represented  by  70°C  cable  aging  per 
Figure  1,  were  estimated  as  shown  in  Tables  1A 
and  2A.  These  factors  were  estimated  to  be  15.1 
and  15.5  respectively,  showing  that  Phoenix 
aerial  environment,  in  spite  of  colder  winters, 
is  slightly  more  severe  than  that  of  Honolulu, 
Hawaii.  These  values  of  Af  also  imply  that  40 
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Duluth,  Minnesota. 


year  aerial  service  in  Phoenix  and  Honolulu  are 
equivalent  to  40/15.1  =  2.65  years  (970  days)  and 
40/15.5  =  2.58  years  (940  days)  aging  at  70°C, 
respectively. 

Utilizing  the  results  shown  in  Figure  1,  the 
earlier  vintage  foam-skin  HDPE/PE-PJ  cables  would 
be  expected  to  exhibit  an  increase  of  3.6  and  3.5 
percent  in  mutual  capacitance,  in  Phoenix  and 
Honolulu,  respectively.  Present  day  foam- skin 
and  solid  HDPE/PE-PJ  designs  would  be  expected  to 
show  changes  of  approximately  -0.1  and  +1.8 
percent,  respectively,  under  the  aforementioned 
service  conditions. 

The  situation  improves  dramatically  for  higher 
northern  latitudes,  as  shown  in  Table  3A  for 
Juneau,  Alaska  and  in  Figure  4A  for  Duluth, 
Minnesota.  In  the  case  of  these  two  northern 
locations,  the  70°C  aging  acceleration  factors 
come  to  84.2  and  63.6  respectively,  making  the 
time  of  aging  at  70°C  equivalent  to  0.48  years 
(175  days)  and  0.63  years  (230  days)  respectively 
for  40  years  service  life  of  aerial  cables.  In 
this  case  the  expected  average  mutual  capacitance 
changes,  for  the  same  cable  designs  cited  above, 
come  to  : 

+1.3  and  +1.6%  for  the  foam-skin  HDPE/PE-PJ  (1) 
cable  design 

and 

-1.6  and  -1.7%  for  the  solid  HDPE/PE-PJ  cable 
design 

The  situation  with  buried  installations,  as 
stated  at  the  outset,  is  not  nearly  as  severe, 
because  of  lack  of  exposure  to  sunlight  and  lower 
soil  temperatures  in  general.  Buried  cables  are 
typically  placed  at  36  inches  below  ground  level, 
and  the  main  difficulty  that  has  to  be  faced  for 
purposes  of  prediction,  is  lack  of  published  soil 
temperatures.  Over  the  years,  however,  General 
Cable  has  conducted  a  fair  number  of  field  trials 
where  soil  temperatures  at  this  cable  depth  were 
monitored  with  a  series  of  thermocouples.  Taking 
the  most  severe  trial  site,  Joshua  Tree,  in  the 
California  desert,  the  lowest  temperature 
measured  in  winter  was  48°F,  while  the  highest 
was  85.1°F,  the  latter  not  during  peak  summer 
heat.  Therefore,  taking  once  more  a  pessimistic 
approach  of  48  and  90°F  ground  temperature 
extremes,  the  rough  estimate  of  the  acceleration 
factor  comes  to 


2338e  2339e 


=  1 

.017745  +  .002257 

=  50.0 

or  roughly  equivalent  to  aerial  operation  in 


Worst  case  underground  duct  installation  tempera¬ 
tures  are  not  known  to  the  writers,  but  lack  of 
contact  with  the  earth  is  expected  to  yield  some¬ 
what  higher  maximum  yearly  temperatures  than 
those  in  the  worst  case  buried  installations. 
Therefore,  100°F  maximum  is  possible  as  consider¬ 
ed  by  some  standard  transmission  engineering 
practices(14).  These  temperatures  though  will 
never  present  as  severe  an  environment  as  that 
seen  by  the  aerial  cables. 

YARD  CABLE  STORAGE 

General  Cable's  study  of  temperatures  reached  by 
cables  on  reels  stored  in  the  open  yard  showed 
rough  agreement  with  the  reference  (13)  study, 
i.e.  about  30  and  40°F  cable  temperature  increase 
over  the  ambient  for  full  cloud  coverage  and  no 
cloud  coverage  respectively ,  but  these 
temperatures  were  limited  to  the  outer  layer 
winding.  Black  polyethylene  jacket  surface  temp¬ 
eratures  were  on  occasion  about  60°F  over  the 
ambient,  while  the  inner  cable  windings  were  much 
cooler,  lagged  behind  the  ambient  changes,  and 
thus  can  be  represented  by  the  daily  mean  temper¬ 
atures  for  the  storage  location.  Considering  the 
fact  that  storage  of  a  cable  reel  in  the  open 
yard  is  of  limited  duration,  yard  storage  has  a 
limited  bearing  on  the  overall  aging  considera¬ 
tions.  Installation  rigors  on  overheated  jackets 
remains  the  most  important  possible  problem  area. 

Our  study  of  mutual  capacitance  change  on  reels 
in  open  yard  storage  of  about  5  years  duration  in 
central  New  Jersey  -  see  Figure  4  -  shows  that 
70°C  oven  aging  represents  two  orders  of 
magnitude  faster  aging,  or  an  acceleration  factor 
of  about  100.  This  observation  applies  to  minima 
exhibited  by  foam-skin  cables  and  stabilization 
after  the  decrease  exhibited  by  solid  HDPE 
insulated  cables. 
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FIGURE  4 
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The  treatment  in  Table  5A  shows  almost  perfect 
agreement  with  computed  Af  of  103  and  thus 
implies  correctness  of  the  approach.  The 
differences  in  magnitudes  of  capacitance  changes 
in  yard  and  70°C  agings  are  due  to  the  difference 
in  temperature  during  measurements  in  these  two 
envi ronments. 

CONCLUSIONS 

The  study  described  herein  shows  that  the 
transmission  stability  of  modern  day  filled 
telephone  cables,  be  they  solid  or  foam-skin  HDPE 
insulated,  is  sufficient  to  warrant  their  use  in 
buried,  duct  or  aerial  instal  lations,  in  any 
geographical  location.  Mutual  capacitance 
changes  in  cables  of  reasonable  design  should  not 
exceed  3%  during  their  40  year  service  life. 
Since  the  attenuation,  both  at  voice  and  carrier 
frequencies,  is  directly  proportional  to  the 
square  root  of  capacitance,  its  maximum  change 
should  be  limited  to  about  1.5%.  This  is  less 
than  half  the  expected  excursion  of  individual 
pair  attenuations  in  a  newly  manufactured 
telephone  cable,  based  on  allowable  deviations  of 
conductor  resistance  and  mutual  capacitance  from 
their  specified  averages. 

SUMMARY 

This  paper  presents  a  method  of  relating  70°C 
accelerated  aging  performance  of  filled  telephone 
cables  to  actual  service  performance.  Using  an 
acceleration  factor  and  climatic  statistics 
allows  for  a  prediction  of  mutual  capacitance 
change  over  the  service  life  of  a  cable. 

The  analysis  confines  itself  to  a  static  scenario 
for  conditions  of  installation.  The  effects  of 
convective  air  currents  on  aerial  cables  and  the 
flooding  conditions  of  underground  duct  systems 
have  not  been  considered.  On  the  other  hand,  the 
mechanical  behavior  of  installed  cables  has  not 
been  examined.  Aerial  cables  are  subject  to  wind 
induced  vibrations  and  variations  of  sags  and 
tensions  with  time,  while  buried  cables  are 
exposed  to  varying  longitudinal  stresses  and 
earth  compaction.  These  physical  phenomena  can 
serve  to  modify  the  predictions  of  capacitance 
change  presented  herein  and  could  be  the  basis 
for  further  studies. 

Good  correlation  between  calculated  predictions 
and  long  term  monitoring  of  cables  in  a  reel  yard 
was  obtained,  and  verifies  the  method  of 
analysis.  It  is  expected  that  this  will  allow 
for  more  rapid  evaluations  of  proposed 
insulation/filler  systems  based  on  minimum  70°C 
aging  times. 
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The  Distinction  Between  Fire  Hazard  and  Fire  Risk: 
The  Importance  of  Such  Assessments  to  Public  Safety 


John  R.  Hal  1 ,  Jr. 


National  Fire  Protection  Association 


Abstract 

New  models  and  methods  are  rapidly 
becoming  available  to  calculate  not  just 
the  physical  growth  of  fire  but  also  the 
hazard  and  risk  posed  by  fire.  An 
understanding  of  the  concepts  underlying 
terms  like  "hazard"  and  "risk"  will  be 
essential  for  anyone  who  wishes  to  solve 
problems,  or  assess  proposed  solutions, 
using  these  new  computer-based  decision 
aids.  A  brief  review  is  provided  of 
concepts  and  a  major  research  initiative 
now  under  way. 


This  decade  has  seen  an  explosive 
growth  in  the  number  and  diversity  of 
models  and  analysis  methods,  either 
available  or  under  development,  for  the 
examination  of  fire  growth,  smoke  spread, 
and  fire  effects  on  people  and  property. 
With  this  growth  in  capability  has  come  a 
number  of  new  terms  like  “hazard"  and 
"risk”,  terms  that  seem  deceptively 
familiar  and  simple  but  that  are  now  used 
in  a  technically  precise  manner  to 
distinguish  one  class  of  new  models  from 
another.  In  the  new  world  of  scientific 
fire  safety  decision-making,  it  will  be 
Important  to  know  not  only  how  these  new 
models  work  but  also  what  questions  each  is 
intended  to  address  and  what  aspects  of  the 
fire  problem  each  is  designed  to  capture. 
This  paper  will  review  the  meanings  of  the 
new  terms,  provide  a  brief  conceptual 
overview  of  the  new  models,  and  describe 
current  research  now  under  way  to  develop 
them.  Throughout  this  paper,  it  is  assumed 
that  most  users  wish  to  model  the  effects 
of  changes  in  a  product  to  be  used  in  a 
certain  class  of  buildings. 

Many  of  the  computer-based  models  in 
wide  use  today  may  be  loosely  referred  to 
as  fire  growth  models.  Examples  of  these 
models  would  include  (1)  the  various 
editions  of  the  Harvard  code,  originally 
developed  by  Howard  Emmons,  (2)  the  highly 


simplified  ASET,  or  Available  Safe  Egress 
Ti me  Model,  developed  by  Leonard  Cooper, 
and  (3)  the  FAST  model ,  or  £ire  And  Smoke 
Transport  model,  developed  at  the  National 
Bureau  of  Standards.  In  these  models,  a 
fire  is  defined  primarily  as  a  rate  of  heat 
release  time-curve  and  a  particular 
location  in  a  larger  space.  Although  the 
models  are  often  called  fire  growth  models, 
they  are  really  smoke  and  heat  spread 
models.  The  specific  curve  defining  the 
fire  typically  must  be  provided  by  the 
model  user,  who  in  turn  may  derive  it  based 
on  the  reference  curves  that  have  been 
developed  for  a  wide  range  of  burning 
items.  The  principal  function  of  the  model 
is  then  to  use  the  laws  of  physics  to 
simulate  the  build-up  of  heat,  smoke,  and 
toxic  gases  in  sections  of  the  larger  space 
as  a  result  of  the  externally  defined  fire. 

Fire  growth  models  vary  considerably  in 
complexity,  speed,  cost,  and 
sophistication.  Some  are  field  models, 
providing  physical  characteristics  as  a 
function  of  specific  locations  in  the 
fire-affected  space.  Some  are  zone  models, 
providing  physical  characteristics  only  for 
large  segments  of  the  fire-affected  space 
and  modeling  the  movement  of  the  borders  or 
interfaces  between  these  spaces.  Some  can 
model  only  one  room,  while  others  can  model 
several  rooms,  including  such  non-room 
areas  as  concealed  spaces.  But  none  of 
these  models  address  two  major  aspects  of 
fire  safety  -  the  likelihood  that  the  fire 
they  model  will  occur  and  the  practical 
consequences  to  people  or  property  of  the 
physical  characteristics  they  show 
developing. 

A  model  that  includes  both  a  model  of 
fire  growth  and  a  model  of  the  practical 
consequences  of  that  growth  is  called  a 
hazard  model.  A  hazard  model  therefore 
must  include  a  model  that  translates  the 
physical  phenomena  of  fire  into  damage  to 
people  or  property.  The  leading  hazard 
model  in  the  U.S.  is  HAZARD  I,  developed  at 
the  National  Bureau  of  Standards,  and  it 
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models  damage  to  people  through  a  modeling 
component  called  TENAB,  which  stands  for 
TENABility.  TENAB  is  a  comparison 
program.  Its  point  of  reference  may  be  a 
particular  room  or  a  moving  location 
representing  an  occupant.  At  each  point  in 
time,  TENAB  calculates  the  instantaneous 
and  cumulative  effects  fire  has  had  on  the 
location  or  occupant  of  interest,  then 
compares  those  effects  to  known  criteria 
regarding  lethal  or  incapacitating  levels 
or  combinations  of  fire  effects.  The  best 
current  knowledge  on  toxic  potency  of  gases 
and  on  heat  stress  enter  the  hazard  model 
in  this  way. 

To  put  it  another  way,  HAZARD  I  uses 
FAST,  a  fire  growth  model,  to  generate  a 
description  of  the  hazardous  conditions  at 
each  location  in  the  building  as  a  function 
of  time.  TENAB  then  calculates,  based  on  a 
fixed  location  or  a  moving  location 
representing  a  moving  occupant,  the  point 
in  time  when  the  cumulative  exposure  at 
that  location  would  have  been  lethal  or 
incapacitating.  If  escape  has  not  occurred 
by  that  time,  the  occupants  at  that 
location  will  be  considered  to  have  died. 

In  this  way,  HAZARD  I  directly 
addresses  many  of  the  concerns  that  have 
been  raised  about  the  direct  use  of  toxic 
potency  tests  for  regulation.  HAZARD  I 
uses  toxic  potency  information,  like  LCt50 
values,  to  translate  the  accumulating  fire 
effects  into  practical  consequences  of 
incapacitation  or  death.  But  HAZARD  I  does 
not  treat  a  single  toxic  potency  value  as 
safe  or  unsafe  in  itself.  If  a  product  has 
high  toxic  potency  but  is  very  difficult  to 
ignite,  then  this  should  be  captured  in  the 
initial  specification  of  the  fire  curve, 
which  will  show  the  product  entering  the 
fire  later.  If  a  product  has  high  toxic 
potency  but  releases  mass  slowly,  then  the 
time  calculations  of  HAZARD  I  can  reflect 
that  fact. 

What  HAZARD  I  cannot  do  is  compensate 
for  limitations  in  the  state  of  the  art  of 
its  components,  whether  they  be  test 
methods  for  calculating  input  variables  or 
physical,  chemical,  or  biological 
relationships  that  are  used  to  make  the 
cal culations.  Like  an  experimental 
automobile,  HAZARD  I  is  an  integrated 
system  which  includes  some  components  that 
perform  in  a  nearly  ideal  fashion  and  other 
components  that  are  subject  to  considerable 
uncertainty  and  need  to  be  carefully 
monitored  by  knowledgeable  users. 

HAZARD  I  includes  another  major 
component  that  it  treats  as  part  of  hazard 
and  which  others  have  treated  as  part  of 
the  population-exposure  element  of  risk. 

That  component  is  EXITT,  a  model  of  human 


behavior  in  fire,  which  is  the  medium  by 

which  HAZARD  I  provides  a  dynamic  picture 

of  the  exposure  of  occupants  to  a  ' 

developing  fire.  In  simple  terms,  HAZARD  I  * 

uses  FAST  to  determine  what  fire  effects 

are  in  a  room,  uses  TENAB  to  determine  how 

lethal  those  effects  are,  and  uses  EXITT  to 

determine  whether  anyone  is  present  to  be 

affected. 

As  complex  and  comprehensive  as  HAZARD  . 

I  may  already  sound,  there  are  many  ■ 

elements  of  hazard  it  does  not  include. 

One  is  the  process  of  suppression,  whether 
by  automatic  systems  or  by  manual  means. 

Others  are  non-lethal  effects  of  fire  on 
people  and  damage  effects  on  property. 

Each  of  these  may  be  thought  of  as  a 

challenge  for  the  future.  HAZARD  I  also  | 

does  not  include  the  key  defining  element 
of  a  risk  model,  which  is  the  relative 
likelihood  of  the  conditions  it  models. 

The  simplest  extension  of  a  hazard 
model  to  a  risk  model  would  consist  of 
adding  on  a  single  probability  number. 

This  simple  extension  is  not  satisfactory,  ( 

no  matter  how  it  is  considered.  Suppose 

the  probability  is  defined  narrowly  as  the 

likelihood  of  the  very  specific  situation 

used  in  HAZARD  I  -  a  specific  fire  in  a* 

specific  location  of  the  specific  building 

with  specific  occupants  in  indicated 

locations.  Then  the  probability  will 

inevitably  be  near  zero,  and  the  ! 

significance  of  knowing  anything  about  that 

situation  will  appear  to  be  nil.  At  the 

other  extreme,  suppose  the  probability  is 

defined  broadly  as  the  likelihood  of  any 

fire  in  any  location  of  any  of  that  class 

of  buildings  with  all  their  variations  in 

occupancy.  Then  it  is  unlikely  that  a  user  . 

will  know  enough  to  be  comfortable  -  let 

alone  accurate  -  in  selecting  one  detailed 

description  to  be  representative  of  all 

that  variety  in  a  HAZARD  I  run. 

The  solution  to  this  dilemma  is  the  use 
of  what  is  called  a  scenario  structure. 

One  begins  with  an  occupancy  class  of  j 

interest  and  a  product  class  of  interest, 

and  one  wishes  to  model  the  risk  of  fire 

involving  that  kind  of  product  in  that  kind 

of  occupancy.  The  universe  of  fires  that 

can  occur  in  that  occupancy  class  are  then 

subdivided  into  what  are  called  scenario 

cl  asses.  Each  scenario  class  is  defined  by 

several  characteristics,  such  as  a  room  of  I 

origin,  a  description  of  the  initial  fire, 

and  a  description  of  the  locations  and 

characteristics  of  the  building  occupants 

when  the  fire  began.  These  characteristics 

are  referred  back  to  the  data  on  historical 

fires  and  other  data  sources  to  obtain  a 

probability  for  that  scenario  class.  At 

the  same  time,  a  representative  case  is  ! 

identified  within  the  scenario  class.  It 
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is  designed  to  be  representative  of  all  the 
variety  in  the  scenario  class,  but  this 
will  be  a  much  more  manageable  and 
defensible  task  than  selecting  one 
representative  of  the  universe  of  fires 
because  each  scenario  class  will  be  more 
homogeneous  than  the  whole  universe  of 
fires.  This  representative  case  is  called 
the  reference  scenario  for  that  scenario 
class. 

The  identification  of  scenario  classes 
and  reference  scenarios  involves 
considerable  judgment  and  a  balancing  of 
two  different  concerns.  If  the  number  of 
scenario  classes  is  too  large,  then  (a)  the 
time  and  cost  of  running  the  model  will  be 
unacceptably  large,  and  (b)  the  existing 
data  bases  may  be  inadequate  to  provide 
reasonably  accurate  probability  estimates 
for  each  scenario  class.  But  if  the  number 
of  scenario  classes  is  too  small,  then 
there  will  be  grave,  unresol veable  doubts 
about  the  representativeness  of  many  of  the 
reference  scenarios,  given  the  tremendous 
variation  that  will  exist  in  the  scenario 
classes  they  represent. 

Finding  ways  to  deal  with  this  dilemma, 
and  many  others,  is  the  mission  of  the 
National  Fire  Protection  Research 
Foundation's  fire  risk  assessment  research 
project.  Begun  in  1986  and  due  to  be 
completed  in  1990,  this  project  is  designed 
to  construct  a  fire  risk  model  around  a 
fire  hazard  model  and  to  demonstrate  its 
general  applicability  to  estimation  of  the 
projected  impact  of  product  design  changes 
on  the  national  fire  death  toll.  Of  the 
three  developmental  cases  used  to  bring  the 
project  to  its  current  position,  one 
addressed  wire  and  cable  insulation  in 
hotel  and  motel  installations.  The  other 
two  were  carpets  in  office  buildings  and 
upholstered  furniture  in  homes.  Future 
work  will  include  a  developmental  case  on 
interior  wall  coverings  in  restaurants  and 
more  focused  work  to  refine  the  accuracy 
and  measure  the  sensitivity  of  the  risk 
method's  individual  modeling  components. 

The  following  is  a  very  brief  listing 
of  some  major  modeling  challenges  that  have 
been  and  are  being  addressed  in  the  fire 
risk  assessment  project: 

o  What  characteristics,  recorded  or 
estimateable  for  most  real  fires,  can  be 
used  to  estimate  when,  at  what  size,  and 
for  what  reason  the  fire  stopped  growing? 
Most  fires  are  interrupted,  and  this 
affects  the  estimation  of  the  hazard 
consequences  of  changing  a  product  involved 
in  the  fi  re. 


o  What  characteristics,  recorded  or 
estimateable  for  most  real  fires,  can  be 
used  to  estimate  whether  and  when  a  product 
will  become  involved  in  a  fire  that  did  not 
begin  with  its  ignition?  The  secondary 
ignition  of  a  product  may  depend  on  the 
burning  properties  and  location  of  any 
other  item  in  the  building. 

o  What  data  exists,  recorded  for 
either  real  fires  or  the  population  in 
general,  that  can  be  used  to  describe  the 
layouts  of  rooms  and  the  number,  locations 
and  conditions  of  occupants  in  enough 
detail  to  support  hazard-model  calculations? 

o  What  characteristics,  recorded  or 
estimateable  for  most  real  fires,  can  be 
used  to  determine  whether,  when,  and  with 
consequences  for  fire  spread,  fires  cross 
into  or  out  of  concealed  spaces?  This  may 
be  called  the  barrier  breach  model, 
although  there  is  a  possibility  of  barrier 
compromise  prior  to  the  fire  which  should 
be  captured  as  wel 1 . 

o  How  can  a  hazard  model,  designed 
to  handle  up  to  ten  rooms,  be  used  to 
estimate  risk  or  hazard  in  buildings  having 
hundreds  of  rooms  and  dozens  of  floors? 

o  How  can  a  risk  or  hazard  model, 
which  calculates  risk  as  a  cumulative 
effect  of  toxic  gases  and  heat  stress, 
capture  the  many  rapid  fatal  injuries  to 
persons  located  very  close  to  the  point  of 
ignition?  This  includes  people  smoking  in 
bed,  the  torch  operators  who  ignite  the 
materials  they  are  working  on,  and  clumsy 
arsonists  who  trap  themselves  in 
fast-moving  fires. 

As  these  questions  are  answered,  fire 
risk  and  fire  hazard  assessment  methods 
will  become  sufficiently  well  developed  to 
be  used  in  all  the  major  fire  safety 
decision-making  areas  we  now  work  in  using 
less  sophisticated  tools.  Fire  hazard 
models  may  be  the  key  to  our  long-stated 
goal  of  movement  from  specification  codes 
to  performance  codes.  Because  they  can 
address  the  net  effects  of  many 
simultaneous  changes  in  a  product  or  a 
building,  fire  hazard  models  will  permit 
greater  flexibility  in  assessing  new 
technology. 

Fire  risk  assessment  methods  should 
have  a  similar  impact  but  will  be  of 
particular  use  if  ease  of  ignition  is  among 
the  product  design  changes  being 
contemplated.  Fire  risk  assessment  methods 
also  will  be  the  models  of  choice  for 
economic  decisions,  such  as  whether  to 
regulate,  because  they  are  the  only  models 
capable  of  estimating  benefits  in  terms 
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validly  compared  to  estimates  of  the  cost 
of  regulation.  Agencies  like  the  U.S. 
Consumer  Product  Safety  Commission 
therefore  are  likely  to  be  prime  users  of 
the  new  fire  risk  assessment  tools,  while 
building  code  officials  are  more  likely  to 
find  that  fire  hazard  models  will  suit  most 
of  their  needs. 

It  is  important  to  view  all  of  these 
tools  as  systems  in  a  constant  state  of 
development.  As  with  other  computerized 
decision  aids,  there  will  always  be  gaps  - 
the  gap  between  the  version  in  widespread 
use  and  the  version  the  lab  boys  and  girls 
consider  their  best  current  model,  the  gap 
between  the  model  applications  that  can  be 
safely  and  confidently  performed  by  the 
typical  user  in  the  field  and  the  wider 
range  of  model  applications  that  can  be 
executed  by  the  model  developers  and  their 
peers,  and  lastly,  the  gap  between  the 
scientific  state  of  the  art  embedded  in  the 
model  and  the  state  of  knowledge  required 
to  answer  all  questions  and  concerns  to 
everyone's  satisfaction.  Notwithstanding 
all  these  gaps  between  the  ideal  and  the 
real,  by  the  next  decade,  we  can  look 
forward  to  a  new  level  of  scientific  power 
in  our  public  and  private  decisions  about 
fire  safety.  If  I  may  hazard  a  guess,  we 
have  nothing  to  risk  and  everything  to  gain. 


John  R.  Hal  1 ,  Jr. 

Director 

Fire  Analysis  &  Research  Division 
National  Fire  Protection  Association 
Batterymarch  Park 
Quincy,  MA  02269 
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FIRE  MODELING:  A  KEY  ELEMENT  TO  HAZARD  AND  RISK  ASSESSMENT 


William  Douglas  Walton 


Center  for  Fire  Research 
National  Institute  of  Standards  and  Technology 
Gaithersburg.  Maryland  20S99 


Abstract 

The  ability  to  predict  the  temperatures,  species 
concentrations  and  other  conditions  developed  in  compartment 
fires  is  a  key  element  in  the  analysis  of  fire  hazard  and  risk. 
Decades  of  study  of  the  phenomena  associated  with  compartment 
fires  have  led  to  the  development  of  computer-based  models 
which  can  predict  the  fire  induced  environment  in  compartments. 


While  many  fires  will  not  follow  this  idealization,  it 
provides  a  useful  Iramework  for  the  discussion  of  compartment 
fires.  All  fires  include  an  ignition  stage  but,  beyond  that  may  fail 
to  grow  or  they  may  be  affected  by  manual  or  automatic 
suppression  activities  before  going  through  all  of  the  stages  listed 
above. 

Fire  Stage  Definitions 


This  paper  will  review  the  statc-of-thc  art  of 
compartment  fire  modeling  and  will  present  examples  of  current 
models  and  their  function. 


Introduction 

Although  the  importance  of  fire  hazard  and  risk 
assessment  will  be  discussed  in  another  paper,  it  is  evident  that 
an  estimate  of  the  conditions  developed  during  the  course  of  a 
fire  is  necessary  to  make  an  assessment.  The  conditions  most 
commonly  of  interest  include  the  burning  rate  of  the  fire  and  the 
associated  spatial  distribution  of  gas  temperatures  and  species 
concentrations.  The  species  concentrations  typically  include 
oxygen,  carbon  dioxide  and  carbon  monoxide.  Other  conditions 
such  as  gas  flow  rates,  material  temperatures,  heat  tluxes.  other 
species  concentrations  and  the  activation  time  of  detection  and 
suppression  devices  may  also  be  important. 

The  most  comprehensive  method  for  estimating  the 
conditions  resulting  from  a  fire  is  the  use  of  a  computer  fire 
model.  This  discussion  of  fire  modeling  will  be  limited  to 
compartment  fires.  Compartment  fires  can  defined  as  fires  in 
enclosed  spaces  which  arc  commonly  thought  of  as  rooms  in 
buildings,  but  may  include  other  spaces  such  as  those  found  in 
transportation  vehicles  such  as  ships,  planes,  trains,  and  the  like. 


Ignition  Stage  -  This  is  the  point  at  which  the  fire  begins. 

Growth  Stage  -  Following  ignition,  the  fire  initially  grows 
primarily  as  a  function  of  the  fuel  itself,  with  little  or  no 
influence  from  the  compartment.  The  fire  can  be  described  in 
terms  of  its  rate  ol  energy  and  combustion  products  generation. 
If  sufficient  fuel  and  oxygen  are  available,  the  fire  will  continue 
to  grow  causing  the  temperature  in  the  compartment  to  rise. 
Fires  with  sufficient  oxygen  for  combustion  are  said  to  be  fuel 
controlled. 

Flashover  -  Flashover  is  generally  defined  as  the 
transition  from  a  growing  fire  to  a  fully  developed  fire  in  which 
all  combustible  items  in  the  compartment  are  involved  in  fire. 
During  this  transition  there  arc  rapid  changes  in  the 
compartment  environment.  Flashover  is  not  a  precise  term,  and 
several  variations  in  definition  can  be  found  in  the  literature. 
Most  arc  based  on  the  temperature  at  which  the  radiation  from 
the  hot  gases  in  the  compartment  will  ignite  all  of  the 
combustion  contents.  Gas  temperatures  of  300  to  650°C  have 
been  associated  with  the  onset  of  flashover,  although 
temperatures  of  500  to  600°C  are  most  widely  used1 2 3 4 5.  Flashover 
has  also  been  associated  with  The  ignition  of  unburnt  fuel  in  the 
hot  lire  gases,  the  appearance  of  flames  from  openings  in  a 
compartment,  or  the  ignition  of  all  of  the  combustible  contents 
may  actually  be  a  different  phenomcn. 


Fires  Stages 

Compartment  fires  are  often  discussed  in  terms  of  stages'. 
The  stages  are: 

1.  Ignition 

2.  Growth 

3.  Flashover 

4.  Fully  developed  fire 

5.  Decay 


Fully  developed  lire  -  During  this  stage,  the  heal  release 
rate  of  the  fire  is  the  greatest.  Frequently  during  this  stage 
more  tucl  is  pyrolized  than  can  be  burned  with  the  oxvgcn 
available  in  the  compartment.  In  this  case,  the  fire  is  said  to  be 
ventilation  controlled.  If  there  arc  openings  in  the  compartment, 
the  unturned  fuel  will  leave  the  compartment  in  the  gas  flow 
and  may  burn  outside  of  the  compartment.  During  the  fully 
developed  stage,  the  environment  within  the  compartment  has  a 
significant  effect  of  the  heat  release  rate  of  the  burning  objects. 
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Decay  stage  -  The  decay  stage  occurs  as  the  fuel  becomes 
consumed  and  the  heat  release  rate  declines.  The  fire  may 
change  from  ventilation  to  fuel  controlled  during  this  period. 

Compartment  Fire  Phenomena 

In  order  to  calculate  or  predict  the  temperatures  and 
species  concentrations  generated  in  a  compartment  fire,  a 
description  or  model  of  the  fire  phenomena  must  be  created. 
This  model  will  be  described  in  terms  of  physical  equations  which 
can  be  solved  to  predict  the  temperature  and  species 
concentrations  in  the  compartment.  Such  a  model  is,  therefore, 
an  idealization  of  the  compartment  fire  phenomena.  Consider 
a  fire  which  starts  at  some  point  below  the  ceiling  and  releases 
energy  and  products  of  combustion.  The  rate  at  which  energy 
and  products  of  combustion  are  released  may  change  with  time. 
The  hot  products  of  combustion  form  a  plume  which,  due  to 
buoyancy,  rises  toward  the  ceiling.  As  the  plume  rises,  it  draws 
in  cool  air  from  within  the  compartment  decreasing  the  plume's 
temperature  and  increasing  its  volume  flow  rate.  When  the 
plume  reaches  the  ceiling,  it  spreads  out  and  forms  a  hot  gas 
layer  which  descends  with  time  as  the  plume's  gases  continue  to 
flow  into  it.  There  is  a  relatively  sharp  interface  between  the 
hot  upper  layer  and  the  air  in  the  lower  part  of  the 
compartment.  The  only  interchange  between  the  air  in  the 
lower  part  of  the  room  and  the  hot  upper  layer  is  through  the 
plume.  As  the  hot  layer  descends  and  reaches  openings  in  the 
compartment  walls  (e.g.,  doors  and  windows),  hot  gas  will  flow 
out  the  openings  and  outside  air  will  (low  into  the  openings. 
This  description  of  compartment  fire  phenomena  is  referred  to 
as  a  two-layer  or  zone  model. 

The  two  layer  model  concept  assumes  that  the 
composition  of  the  layers  is  uniform.  That  is  the  temperature 
and  other  properties  are  the  same  throughout  each  layer. 
Although  the  temperature  of  the  lower  layer  will  rise  during  the 
course  of  the  fire,  the  temperature  of  the  upper  layer  will 
remain  greater  and  is  of  the  most  importance  in  compartment 
fires. 

Calculation  of  Compartment  Fire  Temperatures  and 
Species  Concentrations 

The  basic  principle  used  to  calculate  the  temperature  in 
the  a  compartment  fire  is  the  conservation  of  energy.  As 
apptied  to  the  hot  upper  layer,  the  conservation  of  energy  can 
be  simply  stated  as:  the  energy  added  to  the  hot  upper  layer  by 
the  fire  equals  the  energy  lost  from  the  hot  layer  plus  the  time- 
rate  of  change  of  energy  within  the  hot  upper  layer.  From  the 
time  rate  of  change  of  energy  within  the  hot  layer,  the 
temperature  of  the  layer  can  be  computed.  Conservation  of 
energy  can  also  be  applied  to  the  lower  layer  as  well.  Since  the 
volume  of  the  upper  layer  changes  with  time,  and  mass  Hows  in 
and  out  of  the  upper  layer,  conservation  of  mass  must  be  used 
along  with  the  conservation  of  energy.  Because  the  energy 
generated  by  the  lire  and  the  temperatures  in  compartment  vary 
as  a  function  of  time,  the  application  of  the  conservation  of 
energy  will  result  in  a  series  of  differential  equations.  The 
transport  of  energy  in  a  compartment  fire  is  a  very  complex 
process.  In  order  to  formulate  expressions  for  the  conservation 
of  energy  in  a  practical  way.  a  number  of  assumptions  must  be 
made.  It  is  possible  to  formulate  the  equations  for  the 


conservation  of  energy  in  a  number  of  ways  based  on  the  level 
of  detail  desired.  Similar  techniques  are  used  to  calculate  the 
species  concentrations  using  the  conservation  of  mass. 
Additional  details  may  be  found  in  the  references  cited. 

Energy  and  Products  Generated  by  the  Fire 

The  energy  generated  by  the  fire  is  the  primary-  influence 
on  the  temperature  in  a  compartment  fire  and  much  research 
has  been  conducted  in  predicting  the  energy  release  rate  of  many 
fuels  under  a  variety  of  conditions.  As  a  fuel  is  healed  and 
releases  pyrolysis  products,  these  products  react  with  oxygen, 
generating  heat  and  combustion  products  and  possibly  producing 
llames.  The  rate  of  energy  release  is  equal  to  the  mass  loss  rate 
of  the  fuel  limes  the  effective  heal  of  combustion  of  the  fuel. 
The  effective  heat  of  combustion  is  the  heal  of  combustion 
which  would  be  expected  in  a  fire  situation  where  incomplete- 
combustion  lakes  place.  This  is  less  than  the  theoretical  heat  of 
combustion  as  measured  in  the  oxygen  bomb  calorimeter.  The 
effective  heat  of  combustion  is  often  described  as  a  fraction  of 
the  theoretical  heat  of  combustion. 

The  products  generated  by  the  fire  arc  the  primary 
influence  on  the  species  concentrations  within  the  compartment. 
Although  theoretical  product  generation  rates  may  be  calculated 
for  simple  fuels,  much  less  work  hits  been  done  in  measuring  and 
predicting  the  wide  range  of  products  expected  to  be  produced 
from  the  burning  of  real  fuels  under  the  wide  variety  of 
conditions  found  in  compartment  fires. 

In  fuel-controlled  fires,  there  is  sufficient  air  to  react  with 
all  the  fuel  within  the  compartment.  In  ventilation-controlled 
fires,  there  is  insufficient  air  within  the  compartment,  and  some 
of  the  pyrolysis  products  will  leave  the  compartment,  possibly  to 
react  outside  the  compartment.  For  calculating  the  temperatures 
produced  in  compartment  fires,  the  primary  interest  is  in  the 
energy  released  within  the  compartment. 

The  pyrolysis  rate  of  the  fuel  depends  on  the  fuel  type, 
its  geometry  and  the  fire -induced  environment.  The  energy  and 
combustion  products  generated  in  the  compartment  by  the 
burning  pyrolysis  products  then  depend  on  the  conditions 
(temperature,  oxygen  concentration,  etc.)  within  the 
compartment.  While  the  processes  involved  are  complex,  and 
some  arc  not  well  understood  there  are  two  cases  where  some- 
simplifying  assumptions  can  lead  to  useful  methods  for 
approximation  of  the  energy  released  by  the  fire.  These  two 
cases  may  not  however  provide  as  great  a  simplification  in 
approximating  the  generation  of  combustion  products. 

Free-burning  fires  are  defined  as  those  in  which  the 
pyrolysis  rate  and  the  energy  release  rate  are  affected  only  by 
the  burning  of  the  fuel  itself  and  not  by  the  room  environment. 
This  is  analogous  to  a  fire  burning  out  of  doors  on  a  calm  day. 
This  data  is  most  useful  for  estimating  burning  rates  of  primarily 
horizontal  fuels  in  pre-flashover  fires,  where  the  primary  heating 
of  the  fuel  is  from  the  flames  of  the  burning  item  itself'. 
Vertical  fuels,  such  as  wall  linings  and  fuels  located  in  the  upper 
hot  gas  layer,  will  likely  be  influenced  by  the  pre-flashover  room 
environment. 


518  International  Wire  &  Cable  Symposium  Proceedings  1988 


Ventilation-controlled  fires  are  defined  as  those  in  which 
the  energy  release  rate  in  the  room  is  limited  by  the  amount  of 
available  oxygen.  For  most  fuels,  the  heat  released  per  mass  of 
air  consumed  is  a  constant  approximately  equal  to  3000  KJ/kg4. 
Therefore,  the  rate  of  energy  release  of  the  fire  can  be 
approximated  from  the  air  inflow  rate. 

The  solution  of  a  relatively  complete  set  of  equations  for 
the  conservation  of  energy,  mass  and  species  requires  the 
solution  of  a  large  number  of  equations  which  vary  with  time. 
Although  individual  energy  transport  equations  may  be  solved,  in 
general  there  is  not  an  explicit  solution  for  a  set  of  these 
equations.  As  a  result,  one  of  two  approaches  can  be  taken. 
The  first  is  an  approximate  solution  which  can  be  accomplished 
by  "hand"  using  a  limiting  set  of  assumptions.  The  second  is  a 
more  complete  solution  utilizing  a  computer  program.  In  cither 
case,  a  number  of  methods  have  been  developed.  This  paper 
will  focus  on  the  computer  based  methods.  Each  method 
employs  assumptions  and  limitations  which  should  be  understood 
before  employing  the  method. 

Computer  Methods  for  Predicting 
Compartment  Fire  Phenomena 

Computer  models  are  simply  computer  programs  which 
model  or  simulate  a  process  or  phenomenon.  Computer 
programs  are  used  in  many  areas  of  fire  protection  design, 
including  suppression  system  design,  smoke  control  system  design, 
and  egress  analysis.  The  focus  here  will  be  on  computer  models 
which  predict  the  conditions  in  compartment  fires. 

Computer  fire  models  can  provide  a  faster  and  more 
accurate  estimate  of  the  impact  of  a  fire,  and  the  measures  used 
to  prevent  or  control  the  fire,  than  many  of  the  methods 
previously  used.  While  manual  calculation  methods  provide  good 
estimates  of  specific  fire  effects  (c.g.,  prediction  of  lime  to 
flashover),  they  are  not  well  suited  for  comprehensive  analyses 
involving  the  time-dependent  interactions  of  multiple  physical 
and  chemical  processes  present  in  developing  fires. 

The  state  of  the  art  in  computer  fire  modeling  is 
changing  rapidly.  Understanding  of  the  processes  involved  in  fire 
growth  is  improving  and  thus  the  technical  basis  for  the  models 
is  improving.  The  capabilities,  documentation,  and  support  for 
a  given  model  can  change  dramatically  over  a  short  period  of 
time.  In  addition,  computer  technology  itself  (both  software  and 
hardware)  is  advancing  rapidly.  A  few  years  ago,  a  large 
mainframe  computer  was  required  to  use  most  of  the  computer 
fire  models.  Today,  almost  all  of  the  models  can  be  run  on 
microcomputers.  Therefore,  rather  than  provide  an  exhaustive 
discussion  of  rapidly  changing  state-of-the-art  available  computer 
models,  the  following  discussion  will  focus  on  a  representative 
selection. 


incident  data.  Probabilistic  models  do  not  normally  make  direct 
use  of  the  physical  and  chemical  equations  describing  the  fire 
processes. 

In  contrast,  deterministic  models  represent  the  processes 
encountered  in  a  compartment  fire  by  interrelated  mathematical 
expressions  based  on  physics  and  chemistry.  These  models  may 
also  be  referred  to  as  "room  fire"  models,  "computer  fire"  models 
or  "mathematical  fire"  models.  Ideally,  such  models  represent  the 
ultimate  capability:  discrete  changes  in  any  physical  parameter 
could  be  evaluated  in  terms  of  the  effect  on  fire  hazard.  While 
the  state  of  the  art  in  understanding  fire  processes  will  not  yet 
support  the  "ultimate”  model,  a  number  of  computer  models  are 
available  that  provide  reasonable  estimates  of  selected  fire 
effects. 


The  most  common  type  of  physically  based  fire  model  is 
the  "zone”  or  "control  volume"  model,  which  solves  the 
conservation  equations  for  distinct  regions  (control  volumes).  A 
number  of  zone  models  exist,  varying  to  some  degree  in  the 
detailed  treatment  of  fire  phenomena.  The  dominant 
characteristic  of  this  class  of  model  is  that  it  divides  the  room(s) 
into  a  hot  upper  layer  and  a  lower  cooler  layer.  The  model 
calculations  provide  estimates  of  key  conditions  for  each  of  the 
layers  as  a  function  of  time.  Zone  modeling  has  proved  to  be 
a  practical  method  for  providing  first-order  estimates  of  fire 
processes  in  enclosures. 

Another  other  general  type  of  deterministic  model  is  the 
"field"  model.  This  type  of  model  solves  the  fundamental 
equations  of  mass,  momentum,  and  energy  for  each  element  in 
conservation  of  energy  in  a  number  of  ways  based  on  the  level 
of  detail  desired.  Similar  techniques  arc  used  to  calculate  the 
species  concentrations  using  the  conservation  of  mass. 
Additional  details  may  be  found  in  the  references  cited. 

Energy  and  Products  Generated  by  the  Fire 

The  energy  generated  by  the  fire  is  the  primary  influence 
on  the  temperature  in  a  compartment  fire  and  much  research 
has  been  conducted  in  predicting  the  energy  release  rdlc  of  many 
fuels  under  a  variety  of  conditions.  As  a  fuel  is  heated  and 
releases  pyrolysis  products,  these  products  react  with  oxygen, 
generating  heat  and  combustion  products  and  possibly  producing 
flames.  The  rate  of  energy  release  is  equal  to  the  mass  loss  rate 
of  the  fuel  times  the  effective  heat  of  combustion  of  the  fuel. 
The  effective  heat  of  combustion  is  the  heat  of  combustion 
which  would  be  expected  in  a  fire  situation  where  incomplete 
combustion  takes  place.  This  is  less  than  the  theoretical  heal  of 
combustion  as  measured  in  the  oxygen  bomb  calorimeter.  The 
effective  heat  of  combustion  is  often  described  as  a  fraction  of 
the  theoretical  heat  of  combustion. 


|  There  are  two  general  classes  of  computer  models  for 

analyzing  enclosure  fire  development.  Probabilistic  models  treat 
lire  growth  as  a  series  of  sequential  events  or  states.  These 
models  arc  sometimes  referred  to  as  "slate  transition”  models. 
Mathematical  rules  are  established  to  govern  the  transition  from 
one  event  to  another  (e.g..  from  ignition  to  established 
burning).  Probabilities  are  assigned  to  each  transfer  point,  based 
|  on  analysis  of  relevant  experimental  data  and  historical  fire 


The  products  generated  by  (he  fire  arc  the  primary 
influence  on  the  species  concentrations  within  the  compartment. 
Although  theoretical  product  generation  rates  may  be  calculated 
for  simple  fuels,  much  less  work  has  been  done  in  measuring  and 
predicting  the  wide  range  of  products  expected  to  be  produced 
Irom  the  burning  of  real  fuels  under  the  wide  variety  of 
conditions  found  in  compartment  fires. 
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a  compartment  space  which  has  been  divided  into  a  grid  of  small 
elements.  Imagine  an  enclosure  filled  with  a  3-dimensional  grid 
of  tiny  cubes;  a  field  model  will  calculate  the  physical  conditions 
in  each  cube,  as  a  function  of  time.  The  calculation  will  account 
for  physical  changes  generated  within  the  cube,  and  changes 
affected  on  the  cube  from  surrounding  cubes.  This  will  permit 
the  user  to  determine  the  conditions  at  any  point  in  the 
compartment. 

Currently,  the  computational  demands  of  most  field 
models  exceed  the  computer  resources  of  the  typical  user.  One 
of  the  field  models,  JASMINE5,6,  "appears  to  offer  a  reliable  tool 
for  the  prediction  of  detail  thermal  properties  on  non-spreading 
fire  problems  where  radiant  heat  liansfer  is  relatively  less 
important  than  convection." 

The  above  discussion  provides  the  reader  with  a  brief 
overview  of  computer  fire  modeling.  For  in-depth  review  of  the 
topic,  see  references  s'31.  A  brief  review  of  selected  zone  fire 
models  is  provided  below. 

Compartment  Fire  Models 

ASET  (Available  Safe  Egress  Time)  is  a  program  for 
calculating  the  temperature  and  position  of  the  hot  upper  smoke 
layer  in  a  single  room  with  closed  doors  and  windows.  ASET 
can  be  used  to  determine  the  time  to  the  onset  of  hazardous 
conditions  for  both  people  and  property.  The  required  program 
inputs  are  the  heat  loss  fractions,  the  height  of  the  fuel  above 
the  floor,  criteria  for  hazard  and  detection,  the  room  ceiling 
height,  the  room  floor  area,  a  heat  release  rate,  and  (optional) 

species  generation  rate  of  the  fire.  The  program  outputs  are  the 
temperature,  thickness  and  (optional)  species  concentration  of 
the  hot  smoke  layer  as  a  function  of  time,  and  the  time  to 
hazard  and  detection.  ASET  can  examine  multiple  cases  in  a 
single  run.  ASET  was  written  in  FORTRAN  by  Cooper  and 
Stroup7. 

ASET-B  is  a  program  for  calculating  the  temperature  and 
position  of  the  hot  upper  smoke  layer  in  a  single  room  with 
dosed  doors  and  windows.  ASET-B  is  a  compact  version  of 
ASET,  designed  to  run  on  personal  computers.  The  required 
program  inputs  are  a  heat  loss  fraction,  the  height  of  the  fire, 
the  room  ceiling  height,  the  room  floor  area,  the  maximum  time 
for  the  simulation,  and  the  rate  of  heat  release  of  the  fire.  The 
program  outputs  are  the  temperature  and  thickness  of  the  hot 
upper  smoke  layer  as  a  function  of  time.  Species  concentrations 
and  time  to  hazard  and  detection,  calculated  by  ASET  are  not 
calculated  in  the  compact  ASET-B  version.  ASET-B  was  written 
in  BASIC  by  Walton*. 

COMPF2  is  a  computer  program  for  calculating  the 
characteristics  of  a  post-flashover  fire  in  a  single  building 
compartment,  based  on  fire-induced  ventilation  through  a  single 
door  or  window.  It  is  intended  both  for  performing  design 
calculations  and  for  the  analysis  of  experimental  burn  data. 
Wood,  thermoplastics  and  liquid  fuels  can  be  evaluated.  A 
comprehensive  output  format  is  provided  which  gives  gas 
temperatures,  heat  flow  terms,  and  flow  variables.  The 
documentation  includes  input  instructions,  sample  problems,  and 
a  listing  of  the  program.  The  program  was  written  in 
FORTRAN  by  Babrauskas'1. 


FAST  (Fire  and  Smoke  Transport)  is  a  multi-room  fire 
computer  program  which  predicts  the  conditions  within  a 
structure,  resulting  from  a  user-specified  fire.  FAST  version  17 
can  accommodate  up  to  five  rooms  with  multiple  openings 
between  the  rooms  and  to  the  outside.  The  required  program 
inputs  are  the  geometrical  data  describing  the  rooms  and 
connections;  the  thermophysical  properties  of  the  ceiling,  walls 
and  floors,  the  fire  as  a  rate  of  mass  loss,  and  the  generation 
rates  of  the  products  of  combustion.  The  program  outputs  are 
the  temperature  and  thickness  of,  and  species  concentrations  in. 
the  hot  upper  layer  and  the  cooler  lower  layer  in  each 
compartment.  Also  given  are  surface  temperatures  and  heat 
transfer  and  mass  flow  rates.  FAST  was  written  in  FORTRAN 
by  Jones10.  FAST  serves  as  the  base  model  for  the  fire  hazard 
assessment  system  (currently  known  as  HAZARD  I)  scheduled 
to  be  released  by  the  Center  for  Fire  Research,  NIST,  in  early 
1989. 

The  HARVARD  fire  model  predicts  the  development  of 
a  fire  and  the  resulting  conditions  within  a  room  (version  5)  or 
multiple  rooms  (version  6),  resulting  from  a  user-specified  fire  or 
user-specified  ignition.  Version  5  predicts  the  heating  and 
possible  ignition  of  up  to  four  targets,  due  to  the  original  fire. 
The  room  must  have  at  least  one  opening  to  the 
outside.  Version  6  does  the  same  for  up  to  five  rooms  connected 
to  each  other  with  openings  (at  least  one  of  the  rooms  must 
have  an  opening  to  the  outside).  The  required  program  inputs 
are  the  geometrical  data  describing  the  rooms  and  openings,  and 
ihe  thermophysical  properties  of  the  ceiling,  walls,  burning  fuel, 
and  targets.  The  generation  rate  of  soot  must  be  specified,  and 

the  generation  rates  of  other  species  may  be  specified.  The  fire 
may  be  entered  either  as  a  mass  loss  rale  or  in  terms  of 
fundamental  properties  of  the  fuel.  Among  the  program  outputs 
are  the  temperature  and  thickness  of,  and  species  concentrations 
in,  the  hot  upper  layer  and  the  cooler,  tower  layer  in  each 
compartment.  Also  given  are  surface  temperatures  and  heat 
transfer  and  mass  flow  rates.  The  HARVARD  program  was 
written  in  FORTRAN  by  Emmons  and  Mitler".  Further 
development  of  the  HARVARD  model  has  been  discontinued 
and  a  descendant  of  this  model  known  as  FIRST  has  been 
introduced. 

OSU  (Ohio  State  University  compartment  Fire  computer 
program)  is  a  program  for  calculating  heat  release  rate,  smoke 
generation  rate,  and  smoke  and  heat  venting  from  single 
compartments.  The  OSU  model  takes  into  account  an  initiating 
fire  and  both  horizontal  and  vertical  fire  spread,  providing  a 
prediction  of  how  combustible  materials  in  the  compartment 
influence  the  course  of  a  developing  fire.  The  required  program 
inputs  arc  material  thermal  properties,  ignition  point,  rate  of 
heat  and  smoke  release,  and  flame  propagation  parameters.  In 
addition,  certain  plume  properties  are  required,  including 
dimensions,  temperature,  and  emissivity.  Typical  model  outputs 
include  upper  layer  air  temperature,  smoke  generation  rate,  and 
heat  release  rate.  OSU  was  written  in  FORTRAN  by  Smith  and 
Salija12. 


520  International  Wire  &  Cable  Symposium  Proceedings  1988 


Cautions  and  Limitations 


References 


A  discussion  of  computer  fire  models  would  not  be 
complete  without  a  word  of  caution  concerning  their  use.  Fire 
is  a  complex  event.  As  the  name  implies  these  methods  are 
models  of  fire  development  within  a  compartment  and  are  based 
on  an  assumed  mathematical  description  of  the  phenomena. 
None  of  the  models  are  comprehensive  in  there  description  and 
the  results  should  be  viewed  as  estimates.  In  general  a  level  of 
precision  is  implied  in  the  model  output  which  is  in  excess  of  the 
model's  capabilities.  Each  of  the  models  has  its  own  individual 
set  of  limitations  and  the  user  should  become  familiar  with  them. 

When  using  fire  models  the  user  should  examine  the 
sensitivity  of  the  results  to  variations  in  the  required  inputs.  If 
small  changes  in  input  values  result  in  large  changes  in  the 
outputs,  extra  caution  should  be  exercised. 

Users  of  computer  fire  models  have  found  that  using 
multiple  models  provides  a  useful  check  of  the  results.  While  all 
zone  models  are  similar,  there  arc  enough  differences  that  using 
two  or  more  models  to  address  the  same  problem  can  prove 
useful  in  screening  errors.  A  common  technique  is  to  compare 
the  results  of  a  relatively  simple  model  with  those  of  a  more 
comprehensive  one. 


Related  Activities 


The  development  of  computer  fire  models  is  a  very  active 
research  area.  The  above  review  is  intended  to  offer  the  reader 
a  perspective  on  what  is  currently  available.  One  should  also 
recognize  that  the  information  in  this  paper  is  not  exhaustive. 
As  an  example,  little  attention  has  been  given  to  fire  modeling 
efforts  and  available  programs  outside  the  United  States. 

Most  of  the  computer  fire  models  discussed  in  this  paper 
are  available  only  from  the  authors.  Some  programs  may  also  be 
available  on  fire-oriented  computer  bulletin  boards.  (ASET 
ASET-B,  FAST  and  FIRST  are  available  in  versions  for  MS- 
DOS  computers  on  the  Center  for  Fire  Research  Bulletin  Board. 
The  modem  phone  number  is  301-921-6302.)  The  user  should 
be  aware  that  there  may  be  significant  differences  among 
computers  and  versions  of  so-called  standard  computer 
languages.  As  a  result,  programs  may  not  always  be  transferred 
directly  from  one  computer  to  another. 

There  are  a  number  of  organizations  in  the  United 
States  which  arc  very  active  in  the  development  and  coordination 
of  computer  fire  models.  The  Ad  Hoc  Working  Group  on 
Mathematical  Fire  Modeling  has  been  active  for  over  ten  years. 
This  group,  chaired  by  the  National  Institute  of  Standards  and 
Technology  plays  a  role  in  coordinating  the  development  of  the 
technical  basis  for  fire  models,  and  serves  as  a  forum  for 
discussion  and  exchange  of  ideas.  The  American  Society  of 
Testing  and  Materials  (ASTM)  has  a  subcommittee  (ASTM  E 
5.39  Subcommittee  on  Fire  Modeling)  to  coordinate  and  develop 
ASTM  s  role  in  the  evolution  of  computer  fire  modeling.  Also, 
the  Society  of  Fire  Protection  Engineers  (SFPE)  has  a  computer 
committee  which  maintains  a  current  list  of  available  computer 
models.  The  serious  user  of  computer  models  will  need  to  be 
acquainted  with  the  activities  of  these  groups. 
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ABSTRACT 

Unresolved  questions  concerning 
the  toxic  hazard  of  combustion  gases 
from  electrical  non-metallic  tubing 
(ENMT)  resulted  in  the  National 
Electrical  Code's  limiting  its  use  to 
buildings  of  three  floors  or  less. 
The  role  of  the  hazard  assessment  in 
successfully  removing  the  NEC 
limitation  will  be  described. 

This  paper  focuses  on  the 
contribution  of  the  ENMT  to  the 
resulting  hazard.  The  results  of  the 
tests  and  the  correlation  with  the 
prediction  are  presented  and 
discussed. 

The  approach  consisted  of 
full-scale  experiments  to  verify  those 
parts  of  the  method  which  could 
readily  be  tested,  followed  by  its 
application  to  the  likely  scenarios  of 
actual  use. 


I.  Background  and  Introduction 

In  the  early  1980's  a  new 
product,  electrical  non-metallic 
tubing,  was  developed  and  proposed  for 
use  in  certain  applications  covered  by 
the  National  Electrical  Code.  The 
product  is  fabricated  from 
unplasticized  po] y (vinylchloride)  -  - 
PVC  -  -  in  a  fashion  which  combines 

mechanical  strength  with  considerable 
pliability.  The  novelty  of  the 
product,  in  combination  with  a 
heightened  awareness  of  the  role  of 
smoke  in  fire  hazard,  led,  in  1984,  to 
a  limitation  on  the  use  of  ENMT  to 
buildings  of  three  stories  or  less. 

In  an  effort  to  learn  more  about 
the  role  of  this  product  in  a  building 
fire.  The  manufacturer,  Carlon  Corp., 
asked  Benjamin/Clarke  Associates  to 
develop  a  method  for  toxic  hazard 
assessment  which  could  be  used  to 
review  the  safety  of  the  use  of  ENMT 
in  buildings. 


This  report  describes  a  method 
for  looking  at  toxic  hazard  and  to 
show  how  it  was  applied  in  a  specific 
case,  the  use  of  ENMT  raceway,  which 
is  made  of  PVC.  Typically,  ENMT  is 
concealed  in  walls,  floors,  ceilings 
or  fire  resistive  chases.  This  report 
is  specifically  designed  to  define  the 
behavior  of  ENMT  in  two  selected  fire 
scenarios  and  to  determine  its 
contribution  to  the  fire  hazard  in  a 
building. 

This  kind  of  information, 
difficult  to  obtain  without  the  use  of 
hazard  assessment,  constituted  part  of 
the  evidence  which  persuaded  the  NEC 
to  remove  the  3-story  limitation  in 
1987. 

II.  The  Approach  to  Hazard  Assessment 
A.  Logic 

Ideally,  the  way  to  assess  a 
hazard  is  simply  to  carry  out  a  series 
of  full-scale  experiments  which 
simulate  the  situations  of  concern. 
As  is  often  the  case,  this  proved 
difficult  to  do  in  practice.  In 
addition  to  the  usual  concerns 
attendant  to  full-scale  fire 
experiments,  the  difficulties  of 
characterizing  and  analyzing  smoke 
generated  in  concealed  spaced  made  a 
straightforward  full-scale  test 
program  impractical.  As  a  result,  a 
hybrid  program,  using  both 
experimental  data  and  engineering 
calculations,  was  undertaken. 

The  method  consists  of  several 
steps : 

1.  For  a  given  scenario, 
calculate  the  thermal  environment  to 
which  the  ENMT  raceway  will  be 
exposed.  (The  environment  will  of 
course  be  different,  depending  upon 
whether  the  raceway  is  directly 
exposed  to  a  fire  or  located  inside 
walls  or  ceiling  plenums.  However,  in 
either  case  the  environment  is 
predictable . ) 
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2.  For  the  raceway,  calculate 
the  rate  of  combustion  or  pyrolysis 
product  released  as  a  result  of  the 
environmental  exposure.  To  do  this, 
one  needs  laboratory-scale  data  on  the 
raceway's  fire  performance  and  the 
results  of  Step  1,  above. 

3.  Determine  the  concentration 
of  product  leaving  the  fire  room  and 
its  relative  toxic  hazard  in  relation 
to  the  other  combustion  products 
expected  to  be  present. 

Since  the  analysis  is  based  on 
computer  calculations  and  information 
from  small-scale  tests  one  may  well 
ask  how  well  the  analysis  can  simulate 
a  real  fire.  For  this  reason,  a 
series  of  room  tests  were  conducted 
and  are  reported  herein,  which  were 
designed  to  validate  the  method  of 
calculation  (although,  for  the  reasons 
cited  above,  they  did  not  deal 
specifically  with  the  scenarios 
understudy) . 

B.  Organization 

Section  III  gives  results  of  room 
tests  conducted  to  validate  the 
calculation  procedures  used.  This 
part  shows  how  the  prediction  of  the 
combustion  or  pyrolysis  product  loss 
rate  can  be  calculated  from  a  series 
of  small  scale  tests  conducted  on  the 
cone  calorimeter;  and  from 
calculations  of  the  fire  growth  rate 
in  the  environment  using  modern 
modeling  technique  such  as  the  Harvard 
Fire  Code.  The  two  in  combination 
allow  a  prediction  of  the  amount  of 
product  being  generated  in  a  given 
fire. 

Section  IV  looks  at  two  scenarios 
in  which  an  ENMT  raceway  would 
typically  be  used  and  determines  the 
concen t ra t i on  of  pyrolysis  product 
present  in  a  aiver.  roc:..  r~  ~  -"suit  of 
a  typical  fire  in  that  room.  The 
scenarios  illustrate  what  change  in 
the  toxic  hazard  could  result  if  ENMT 
were  used  in  these  cases. 

TTT-  Experimental  Program 
A.  Full-Seal e  Measurements 

1  .  Test  Layout  and  Procedure^ 
The  full-scale  test  program  was 
conducted  to  determine  whether  the 
calculation  techniques  used  could 
indeed  predict  a  given  environment. 
Tests  were  conducted  at  two  nominal 
fire  energy  output  levels,  250  and  500 
kW,  in  an  8  x  12  foot  room.  The 


details  of  the  room  and  test 
arrangement  are  shown  in  Figures  1  and 
2  and  the  test  description  is  shown  in 
Table  1.  All  the  tests  were  conducted 
with  wood  cribs  which  were  located  in 
the  center  of  the  burn  room.  Two 
types  of  non-metallic  raceway  were 
located  within  the  room  and  purposely 
exposed  to  the  fire  environment.  The 
fires  were  designed  so  that  the  25  kg 
crib  fire  (Tests  3-5)  did  not  directly 
impinge  on  the  raceway,  but  the  50  kg 
crib  fire  (Tests  1  and  2)  did  impinge 
on,  and  did  ignite,  the  raceway. 

For  this  validation  program  a 
7' 10"  x  12 '1"  room,  8'1"  high,  was 
used  as  an  experimental  chamber,  with 
a  31.5"  x  79"  door,  Figures  1  and  2. 
It  was  desired  specifically  to  obtain 
measurements  to  compare  with 
calculations  made  to  predict  the 
behavior  of  40  lineal  feet  of  raceway 
hung  near  the  ceiling  along  one  side 
and  exposed  to  the  fire  plume.  The 
raceways  were  suspended  horizontally 
in  a  tray  about  3"  below  the  ceiling 
and  the  center  of  the  unit  was  6"  from 
the  side  wall.  Although  using  exposed 
non-metallic  tubing  raceway  in  a  room 
would  not  be  normal  construction 
practice,  it  was  used  in  this  test  for 
the  purpose  of  demonstrating  the  model 
predictability.  These  demonstrations 
would  have  been  far  more  difficult  if 
the  tubing  had  been  used  in  its  normal 
concealed  location. 

A  series  of  five  tests  was  run  in 
accordance  with  Table  1.  Tests  were 
made  with  both  ENMT  (electrical 
non-metallic  tubing)  and  RNMC  (rigid 
non-metallic  conduit) .  Both  of  these 
products  are  made  from  PVC,  with 
negligible  addition  of  fillers  or 
additives.  Two  blank  tests  were  run 
to  evaluate  the  performance  of  the 
cribs  alone  in  the  room.  The  fire 
effluent  emptied  into  a  43  foot  long 
corridor  that  had  a  hairpin  bend  in  it 
at  midpoint.  The  corridor  in  turn 
emptied  into  a  10  by  10  foot  hood 
which  was  used  to  collect  all  the 
combustion  gases,  so  that  a  total  heat 
release  rate  record  could  be  made. 
The  ceiling  and  walls  of  the  room  were 
of  foam  concrete  of  44  PCF  density  and 
were  covered  with  2  coats  of  silicone 
paint. 

2.  Test  Results:  With  the  25  kg 
crib  the  flames  from  the  crib  did  not 
reach  the  ceiling,  and  there  was  no 
ignition  of  the  raceway.  With  the  50 
kg  crib  fire  the  flames  hit  the 
ceiling  and  travelled  across  the 
ceiling  to  the  raceway.  Ignition 
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occurred  at  about  600  seconds  at  the 
center  of  the  raceway  and  from  there 
travelled  to  the  ends. 

Figure  3  shows  the  measured  rate 
of  total  heat  release  of  Tests  1  and 
2  .  The  50  kg  crib  alone  produced 
about  450  kilowatts.  This  value 
increased  in  Test  2  to  about  520 
kilowatts,  because  of  the  added  heat 
release  of  the  of  raceway,  which 
started  burning  after  10  minutes.  The 
measured  upper  air  temperatures  for 
Tests  1  and  2,  showed  similar 
behavior.  These  data  were  taken  from 
Test  2  showed  an  average  upper  layer 
temperature  about  50°C  higher  than 
Test  1  because  of  the  additional 
energy  created  by  the  burning  of  the 
raceway . 

Both  the  ENMT  and  RNMC  are  made 
from  PVC,  with  no  plasticizers  or 
extenders.  The  former  is  a  thin  wall 
corrugated  conduit  and  the  latter  is  a 
heavier-walled  (Schedule  40)  conduit. 
Hydrogen  chloride  (HC1)  is  released 
from  PVC  in  significant  quantities 
starting  at  about  270“C.  The  measured 
raceway  weight  loss  during  the  test  is 
shown  in  Figure  4.  Only  a  small 
portion  of  the  HC1  loss  occurs  prior 
to  ignition;  since  the  ENMT  started 
burning  between  600  and  700  seconds, 
data  beyond  this  time  no  longer 
represents  only  the  pyrolysis 
(non-burning  decomposition)  of  the 
PVC,  but  also  the  added  weight  loss 
due  to  the  burning  of  the  PVC. 

The  measured  rates  of  heat 
release  for  those  tests  which  used  a 
2  5  kg  crib  reached  a  value  of  about 
250  kw,  and  are  shown  in  Figure  5. 
Tests  3  and  4  are  of  ENMT  and  RNMC 
raceways  respectively  and  show 
comparable  rates  of  heat  release. 
Test  5,  which  was  the  crib  without  a 
raceway  in  the  room,  shows  a 
comparable  heat  release  rate  peak  and 
a  slightly  delayed  response  time. 
Heat  flux  measurement  and  weight  loss 
for  raceway  in  these  tests  were  also 
obtained  and  are  discussed  below. 

B.  Comparison  of  Predicted  and 
Measured  Fire  Environment 

1.  The  Fire  Environment:  The 

fire  conditions  which  most  affect 
raceway  behavior  are  the  heat  flux  and 
temperature  around  the  raceway.  These 
can  be  calculated  using  a  fire  growth 
model:  the  one  used  was  Harvard  CFC  5 
(1),  which  allows  one  to  enter  the 
actual  size  of  the  fire,  which  was 
taken  from  the  measured  weight  loss 


rate  of  the  cribs,  and  to  obtain  as 
output  the  temperature  in  the  upper 
layer  of  the  room,  the  height  of  the 
smoke  layer,  the  radiation  to  an 
object  in  the  room,  flow  out  the  door 
and  various  other  parameters.  Table  2 
shows  a  typical  input  data  sheet  for 
the  CFC5  code.  The  values  of  the  heat 
of  combustion  of  wood  and  the  thermal 
conductivity  of  the  low  density 
concrete  walls  were  taken  from  the 
NFPA  Fire  Protection  Handbook  and  the 
ASHRAE  Handbook  respectively. 

Comparison  of  the  measured 
average  upper  layer  temperatures  with 
those  predicted  by  the  Harvard  Fire 
Code  for  the  burning  crib  are  shown  in 
Figures  6  through  8  for  Tests  2,  3  and 
4  respectively.  In  general,  the 
predictions  are  quite  close,  with  a 
maximum  deviation  of  about  50°C  for 
Test  2  where  the  test  temperatures  are 
higher  because  the  tubing  contributed 
to  the  fire. 

The  prediction  of  the  radiative 
flux  to  the  object  is  important  since 
the  calculation  of  the  weight  loss  is 
based  on  this  parameter.  Figures  9 
through  11  show  the  comparison  of  the 
predicted  with  the  actual  radiative 
flux  to  the  object,  measured  by 
radiometers  near  the  ends  of  the 
conduit  and  slightly  below  the  plane 
of  the  raceway.  Tests  3  and  4  show 
excellent  agreement  between  the 
measured  and  predicted  values.  In 
Test  2,  the  agreement  is  good  until 
ignition  of  the  tubing,  an  event  not 
treated  by  the  model  used. 

2.  Reaction  of  Raceway  to 
Environment:  The  second  step  in  the 

procedure  is  to  calculate  the  rate  of 
mass  loss  of  the  raceways  as  a  result 
of  the  thermal  exposure.  To  do  this 
the  response  of  the  raceway  to  a  given 
applied  heat  flux  must  be  known.  This 
response  was  measured  by  the  cone 
calorimeter  (2),  a  device  for 
following  weight  loss  of  a  sample 
under  well  characterized  heat  flux 
levels.  Curves  were  developed  from 
the  test  data,  using  a  linear  best-fit 
program,  to  predict  the  rate  of  weight 
loss  of  the  raceway  as  a  function  of  a 
given  applied  flux  over  a  period  of 
time.  The  summary  of  this  cone 
calorimeter  work  is  shown  in  Figure  12 
in  which  the  energy  input,  applied 
flux  times  time,  is  shown  as  a 
function  of  the  weight  loss  per  unit 
area.  The  values  are  shown  for  both 
ENMT  and  RNMC. 

Using  the  calculated  flux  to  the 
object  shown  in  Figures  9  through  11, 
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the  mass  loss  behavior  of  the  raceways 
can  be  calculated  from  the  curves  in 
Figure  12.  This  procedure  gives  the 
weight  loss  as  a  function  of  time  for 
the  test.  Figures  13  through  15  show 
a  comparison  of  the  measured  and 
predicted  weight  loss,  based  on  the 
exposure  of  the  surface  of  the 

raceway,  an  area  of  10.8  sq.  ft.,  to 
the  calculated  fluxes. 

Figures  13  through  15  show  the 
ability  of  the  procedure  to  predict 
the  weight  loss  in  the  early  stages  of 
the  fire,  and  therefore  the  rate  of 

generation  of  HC1 .  The  measured  and 
predicted  weight  losses  were  in  fairly 
good  agreement  for  all  the  tests.  In 
Tests  3  and  4,  where  no  ignition 
occurred  the  measured  weight  loss 

reaches  a  plateau  when  all  the 
volatiles  are  driven  off.  For  the 

calculation  curve  in  Test  3,  this  is 
shown  as  the  level  when  all  the 
theoretical  weight  of  HC1  has  been 
lost.  For  the  total  amount  of  raceway 
used  in  Test  2,  of  2.6  kg,  the  maximum 
HC1  present  was  about  1.5  kg,  based  on 
a  theoretical  weight  of  HC1  of  56  per 
cent.  The  measured  weight  loss  shown 
in  Figure  13  which  exceeds  this  level 
represent  the  loss  due  to  the  burning 
of  the  raceway. 

C.  Significance 

When  PVC  material  is  heated  it 
will  release  hydrogen  chloride.  Since 
HC1  is  one  of  the  first  volatiles  to 
come  off  from  PVC  as  it  is  heated,  the 
measured  weight  loss  of  the  PVC 
raceway  up  to  the  time  of  its  ignition 
is  a  measure  of  the  release  of  the  HC1 
into  the  atmosphere.  Since  it  has 
been  shown  that  the  weight  loss  can  be 
predicted  from  a  calculation  of  the 
thermal  environment  flux  and  the 
response  of  the  material  to  that  flux, 
one  now  has  a  method  whereby 
full-scale  performance  can  be  inferred 
by  computational  methods  and 
laboratory  data. 

Another  output  from  the  Harvard 
Code  is  the  rate  of  mass  flow  leaving 
the  room.  The  mass  flow  contains 
within  it  the  HC1  which  was  pyrolyzed 
from  the  raceway.  From  the  weight 
loss  prediction  curves  in  Figures  13 
through  15  and  the  mass  flow  rate  a 
calculation  can  be  made  of  the 
concentration  of  the  HC1  in  the  air 
leaving  the  room,  or  the  concentration 
of  HC1  into  the  corridor  outside  the 
room  of  fire  origin.  This  is  shown  in 
Table  3.  This  concentration  of  HCl  is 
the  predicted  maximum  concentration, 
based  on  the  assumption  that  all  the 


volatiles  are  HCl,  none  of  which  is 
lost  due  to  settlement  or  condensation 
on  the  walls  and  ceilings. 

This  section  has  shown  that  fire 
behavior  and  its  effect  on  the  raceway 
can  be  predicted  and,  as  a  consequence 
the  HCl  output  of  the  fire  room  was 
predicted.  The  experimental  program 
of  this  work  was  particularly  designed 
to  show  the  feasibility  of  predicting 
mass  loss  of  the  product  if  we  know 
its  environment.  We  now  proceed  to 
analyze  specific  real  scenarios. 

IV.  Toxic  Hazard  Evaluation 
A.  Applicable  Scenarios 

This  section  discusses  two 
situations  where  a  raceway  such  as 
ENMT  is  typically  used.  The  scenarios 
of  interest  are  where  the  raceway  is 
inside  either  a  wall  cavity  or  a 
ceiling  plenum.  The  passage  of  heat 
through  a  wall  can  be  accurately 
calculated  so  long  as  the  wall's 
properties  are  known  and  the 
temperature  of  an  object  in  the  space 
behind  the  wall  can  in  turn  be 
estimated  by  taking  into  account  both 
radiative  and  convective  interchange 
with  the  walls. 

In  order  for  significant 
quantities  of  HCl  to  be  released  from 
the  PVC  raceway  in  a  plenum  or  a 
cavity  wall  it  must  be  subject  to 
about  525-F  (  2  7  0  ’  C)  surface 

temperature,  an  equivalent  flux  of 
approximately  7  kW/sq  m.  To  predict 
when  this  temperature  might  actually 
be  reached  inside  a  cavity,  it  is 
necessary  to  know  the  temperature-time 
profile  on  the  room-side  of  the  wall. 
If  no  experimental  data  are  available, 
a  fire  model,  such  as  that  described 
in  the  previous  section,  can  be  used. 
In  this  case  however,  reliable  real 
fire  data  re  available:  Figure  16, 
shows  the  growth  of  the  temperature  in 
the  upper  air  layer  of  a  furnished 
residential  room.  This  is  one  example 
from  a  series  of  tests  conducted  at 
the  National  Institute  of  Standards 
and  Technology,  using  a  large  fast 
growing  fire  (6).  For  the  first  two 
minutes  the  temperatures  in  the  room 
do  not  show  a  significant  increase, 
but  then  the  room  quickly  becomes 
fully-involved,  or  "flashed-over" ,  and 
we  see  the  large  jump  in  temperature. 

Two  scenarios  involving  this  fire 
were  examined.  For  Case  1,  we  assumed 
a  raceway  in  a  wall  cavity  3  1/2"  wide 
and  faced  with  5/8"  gypsum  board, 
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where  the  exposed  wall  area  is  200  sq. 
ft.  For  Case  2,  we  assumed  a  raceway 
in  a  ceiling  plenum  above  a  5/8" 
gypsum  board.  We  have  assumed  a 
plenum,  in  accordance  with  Section 
12-3.7  of  the  Life  Safety  Code  which 
mandates  a  maximum  size  of  22,500 
square  feet,  and  an  assumed  height  of 
24":  this  represents  a  volume  of 
45,000  cubic  feet.  For  fire 
protection  we  assumed  a  5/8"  Type  X 
gypsum  board  ceiling.  The  fire  area 
is  assumed  to  be  limited  to  a  single 
room  and  the  heated  area  of  the 
ceiling  was  taken  as  200  sq.  ft. 

The  room  temperatures  from  the 
test  are  reproduced  in  more  schematic 
form  in  Figure  17,  labeled  "Exposure 
Fire".  These  temperatures  were  used 
to  calculate  the  temperatures  of  the 
raceways  inside  the  cavity  and  plenum, 
which  are  also  shown  in  Figure  17. 
The  temperatures  on  the  raceway  in  the 
wall  cavity  are  higher  than  those  in 
the  ceiling  plenum  because  the  wall 
cavity  has  far  less  surface  area  to 
which  it  can  lose  heat.  To  reach  the 
indicated  value  of  500"F,  just  below 
the  temperatures  at  which  the  HC1  will 
begin  to  evolve,  will  take  about  16 
minutes  in  the  wall  cavity  and  close 
to  40  minutes  in  the  plenum,  after  the 
initiation  of  this  fire.  if  the 
plenum  or  cavity  has  no  communication 
with  the  fire  room,  then  the  HC1  will 
not  enter  the  room;  if  there  is  air 
leakage  through  the  wall  or  ceiling, 
then  some  HC1  will  enter  the  room 
volume. 

B.  Wall  Cavity  Calculation 

The  worst  case  for  an  analysis  of 
the  possible  toxic  hazard:  is  the 
raceway  in  a  wall  cavity  from  which 
the  concentration  of  HC1  is  freely 
communicating  into  the  room  of  fire 
origin  through  leakage  in  the  wall. 
In  this  case  the  wall  cavity  has  a 
volume  of  about  58  cubic  feet  into 
which  the  mass  loss  of  the  conduit 
will  be  initially  distributed.  For 
this  particular  case  we  can  calculate 
the  environmental  exposure  of  the 
raceway  from  Figure  17,  convert  the 
temperature  to  heat  flux  reaching  the 
raceway,  and  from  the  exposure 
calculate  the  associated  mass  loss  of 
the  raceway  that  will  occur.  Figure 
18  shows  the  mass  loss  of  HC1  from  an 
assumed  40  lineal  feet  of  raceway  (4 
ten-foot  pieces)  into  the  adjacent 
cavity,  as  a  function  of  time.  This 
calculation  is  based  on  the  data  from 
Figure  12,  which  allows  a  calculation 
of  the  rate  loss  of  the  raceway  from 


radiant  flux  in  the  cavity.  There  will 
be  about  3g,  or  900  parts-per-million 
of  HC1  released  into  the  cavity  20 
minutes  after  the  fire  in  the  room 
starts. 

If  all  the  HC1  from  the  cavity 
goes  into  the  fire  room  and  is 
retained  in  the  fire  room  (no  open 
doors,  and  no  loss  by  deposition  or 
absorption)  .  Then  the  concentration 
of  HC1  in  the  26m3  room  will  be  70 
ppm  at  20  minutes  and  500  ppm  at  30 
minutes.  In  other  words,  for  even 
this  very  fast  developing  fire,  over 
30  minutes  would  be  required  to 
develop  significant  concentrations  of 
HC1  in  the  fire  room  assuming  100%  of 
the  HC1  is  leaking  out  of  the  cavity. 

An  immediate  lethal  threat  is 
posed  by  the  exposure  fire  after  about 
5  minutes,  when  it  is  in  the  post 
flash-over  regime,  and  producing  large 
quantities  of  carbon  monoxide.  The 
measured  amount  of  carbon  monoxide 
that  was  generated  in  this  particular 
fire  (7)  is  shown  in  Figure  19.  After 
about  5.5  minutes,  the 
concentration-time  product  (4)  of  CO 
reached  a  value  of  75,000,  well  in 
excess  of  the  40,000  to  50,000 
ppm-minutes  generally  considered  as  a 
value  for  carbon  monoxide-induced 
incapacitation  (5).  Hence,  carbon 
monoxide  in  this  scenario  is 
incapacitating  after  6  minutes;  no  HC1 
is  even  generated  until  about  20 
minutes.  It  is  also  worth  noting  that 
there  were  over  40,000  ppm  of  CO  for 
the  extended  period  from  about  4  to  14 
minutes.  During  this  period  the  CO 
level  is  far  in  excess  of  a  lethal 
amount.  From  this  example,  as  shown 
above,  a  fire  large  enough  to  cause  a 
mass  loss  of  HC1  from  the  raceway 
inside  the  cavity  or  plenum  would  have 
been  burning  long  enough  to  cause  a 
lethal  atmosphere  from  the  generation 
of  carbon  monoxide.  The  production  of 
HCl  from  the  cavity  would  occur 
considerably  after  the  CO  lethal 
conditions  have  been  developed. 

C.  Raceway  in  Ceiling  Cavity 

From  Figure  17  it  is  obvious  that 
the  heating  of  the  raceway  in  the 
ceiling  plenum  will  lag  that  in  the 
wall  cavity,  about  40  vs  16  minutes. 
When  HCl  does  come  from  the  plenum 
raceway  it  will  be  distributed  in 
45,000  cu.  ft  of  plenum  and  room 
space.  For  these  reasons,  the 
generation  of  HCl  from  the  plenum  into 
the  room  will  be  only  a  small  fraction 
of  that  calculated  for  the  wall  cavity 
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and  therefore  not  the  critical 
scenario. 
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D.  Significance 

Two  scenarios  were  assessed  for 
toxic  hazard:  a  raceway  in  a  ceiling 
plenum  and  in  a  wall  cavity,  with  a 
fast  developing  fire  in  a  room.  Data 
from  an  actual  fire  was  used  to 
evaluate  the  effect  on  the  concealed 
raceways.  The  measured  values  of  CO 
were  shown  to  be  above  the  lethal 
level  long  before  any  significant 
amounts  of  HC1  would  enter  the  room 
from  the  concealed  raceway. 

V.  Conclusions 

The  major  conclusions  to  be  drawn 
from  this  work  are: 

1.  The  proposed  methodology  for  toxic 
hazard  analysis  was  shown  by  test  to 
be  usable  for  predicting  the  behavior 
of  PVC  raceways  exposed  to  a  fire. 

2.  For  the  typical  case  of  the  PVC 
raceways  enclosed  within  a  ceiling  or 
wall  plenum  the  size  of  a  room  fire 
necessary  to  produce  HC1  from  this 
raceway  would  probably  by  itself 
produce  carbon  monoxide  in  excess  of 
lethal  levels  before  production  of  HC1 
occurred. 
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MIRE  AMD  CABLE  EIRE  PERFORMANCE  AS  DETERMINED  BY  A  CONE  CALORIMETER 


I 


Almut  F .  Breazeale 


E.I.  du  Pont  de  Nemours  &  Co.,  Inc. 


ABSTRACT 

The  cone  calorimeter,  developed  at 
the  National  Bureau  of  Standards 
(NBS),  '2  is  a  major  technological 
advance  for  use  in  fire  hazard  and  risk 
assessment  studies.  This  instrument, 
which  determines  fundamental  fire 
properties  of  materials  and  products, 
provides  critical  information  for 
assessing  fire  hazard  and  for  developing 
new  products  with  improved  fire 
performance . 

This  paper  describes  the  cone 
calorimeter,  discusses  the  types  of  data 
that  it  generates  and  presents  actual 
test  data. 


INTRODUCTION 

In  a  closed  environment  fire,  the 
heat  release  rate  of  burning 
combustibles  provides  the  most 
significant  information  for  predicting 
both  the  course  of  the  fire  and  its 
effect . 

To  accurately  measure  the  heat 
release  rate  of  a  burning  sample,  a 
calorimeter  was  developed  at  NBS.  This 
instrument  is  called  a  cone  calorimeter 
because  the  source  of  its  constant  heat 
flux  is  an  electric  coil  shaped  like  a 
truncated  hollow  cone  (Figure  1)  .  The 
cone  calorimeter  also  measures  other 
performance  properties  of  burning 
materials,  such  as  heat  of  gasification, 
specific  extinction  area  of  the  smoke 
and  sample  mass  loss  rate.  For  the  past 
year,  Du  Pont  has  tested  materials  with 
a  commercial  version  of  this  instrument3 
in  order  to  develop  materials  with 
better  fire  performance. 

CONE  CALORIMETER 

Principles  of  Operation 

To  measure  the  heat  release  rate  of 
a  burning  sample  exposed  to  a  constant 
heat  flux,  the  cone  calorimeter  uses  the 


Figure  1. 

THE  CONE  CALORIMETER  SET  UP  TO  TEST  A  SAMPLE  IN  A 
HORIZONTAL  POSITION. 


oxygen  consumption  principle,  which 
states  that  the  amount  of  heat  released 
during  combustion  is  proportional  to  the 
amount  of  oxygen  consumed  during 
combustion. 

Table  I*  shows  both  the  heat  of 
combustion  and  the  heat  of  combustion 
per  gram  of  oxygen  consumed  for  several 
polymers  that  are  widely  used  by  wire 
and  cable  manufacturers.  It  has  been 
observed  that  the  heat  of  combustion  per 
unit  of  oxygen  consumed  is  approximately 
the  same  for  most  materials  (13.1  kJ/g 
of  oxygen  consumed).  Materials,  such 
as  polytetraf luoroethylene ,  that  have 
heats  of  combustion  per  gram  of  oxygen 
consumed  that  are  significantly 
different  from  the  default  value  (13.1 
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TaMl. 

HEAT  Of  COMBUSTION 
AND  HEAT  Of  COMBUSTION 
PER  ORAM  Of  OXYGEN  CONSUMED4 


POLYMER 

HEAT  OF 

combustion. 

kJ/fl 

HEAT  OF  C0M8US 
Of  0j  CONSUMED. 

Polysmytent 

-43.3 

-12.6 

Mystyme 

-398 

-130 

Potyvlnytcftonoe 

-16.4 

-12  8 

Polyvinyl  idene  fluorfdt 

-13.3 

-13.3 

PotyactyMMIe 

-308 

-136 

Polyemytwid  tmapnttwlote 

-22.0 

-132 

Nylon  6  6 

-296 

-127 

Polytatrafluofoemylene 

-5.2 

-15.6 

kJ/g  of  oxygen  consumed) ,  can  be  tested 
accurately  in  the  cone  calorimeter  by 
changing  the  default  value  to  the 
appropriate  value. 

The  data  reduction  software 
associated  with  the  cone  calorimeter, 
also  developed  at  NBS,  calculates  the 
heat  release  rate  of  a  burning  sample  by 
automatically  collecting,  storing  and 
then  using  the  following  data: 

1 .  The  amount  of  oxygen  present  in 
the  combustion  gases  as  a  function  of 
time; 


2.  The  sample  mass  loss  due  to 
burning  as  a  function  of  time;  and 


3.  The  sample  area,  measured  in 
advance  by  the  operator.  It  is  assumed 
that  this  area  does  not  change  during 
testing.  (The  maximum  sample  area  is 
0.01  m2.) 


The  amount  of  oxygen  in  the 
combustion  gases  emitted  from  a  burning 
sample  is  measured  as  a  function  of  time 
by  a  paramagnetic  oxygen  analyzer.  This 
analyzer  was  chosen  because  it  is  well 
suited  for  measuring  the  range  of  oxygen 
concentrations,  approximately  18  to  21 
percent,  found  in  the  combustion  gases. 
Measurements  are  made  every  five  seconds 
throughout  the  test. 

To  measure  the  sample  mass  loss  due 
to  burning  as  a  function  of  time,  the 
sample  is  placed  on  a  load  cell  and 
weight  measurements  are  recorded  every 
five  seconds.  The  sample  holder, 
clamps  and  other  non-sample  items  are 
tared  prior  to  the  test. 

Basic  Operation 

To  test  a  material  in  the  cone 
calorimeter,  an  operator  first  sets  the 
flux  level  to  the  desired  level  and  then 
verifies  the  setting  with  a  total  heat 
flux  gauge,  such  as  a  12 . 5-mm-diameter 
Gardon  gauge.  Next,  the  sample  area  is 


measured  and  the  sample  is  placed  in  the 
sample  holder.  The  operator  then  places 
the  sample  holder  on  the  load  cell.  The 
sample's  surface  is  positioned  25  mm 
from  the  cone's  open  side  to  ensure  a 
homogeneous  flux  field.  The  sample  can 
be  positioned  either  horizontally  or 
vertically;  however,  the  cone  heater  is 
always  positioned  so  that  the  heater's 
open  side  faces  the  sample  surface 
(Figures  1  and  2)  . 


Figure  2. 

THE  CONE  CALORIMETER  SET  UP  TO  TEST  A  SAMPLE  IN  A 
VERTICAL  POSITION 


A  furnace-type  spark  plug  is 
immediately  positioned  above  the  sample 
and  the  time  required  for  the  gases  and 
vapors  released  from  the  sample  to 
ignite  is  measured.  Beginning  at  the 
time  of  ignition,  as  a  function  of  time, 
sample  mass  data  is  recorded  and  oxygen 
consumption  is  analyzed,  as  previously 
described.  After  the  testing  is 
completed,  the  data  reduction  software 
calculates  the  heat  release  rate  and 
other  fire  properties  that  can  be 
derived  from  the  recorded  data. 
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SAMPLES  TESTED 


Various  samples  have  been  tested  in 
the  cone  calorimeter  at  Du  Pont, 
including : 

•  Films  of  thermoplastic  and 
thermoset  materials; 

•  Slabs  of  thermoplastic  and 
thermoset  materials; 

•  Wires  and  cables;  and 

•  Intumescent  slabs  and  cables. 

Pilms  of  Thermoplastic  and  Thermoset 
Materials 

It  is  difficult  to  obtain  data  with 
thin  (<0.064  cm)  films  or  slabs  of 
thermoplastic  and  thermoset  materials 
because  the  combustion  time  is  usually 
very  short.  One  solution  to  this 
problem  is  to  cut  slits  in  the  samples 
with  an  X-ACTO  knife,  stack  the  samples 
and  tie  them  together  with  very  fine 
wire. 

The  stacked  arrangement  increases 
the  mass  that  is  burned  and  the  slits, 
which  allow  ait  to  escape,  eliminate 
warpage.  Generally,  such  sample  stacks 
burn  in  an  orderly  manner  (from  the  top 
surface  down) ,  particularly  if  the  edges 
of  the  stacks  are  coveted  with  aluminum 
foil. 

Slabs  of  Thermoplastic  and  Thermoset 
Materials 

Slabs  of  thermoplastic  and 
thermoset  materials  that  are  at  least 
0.32-cm  thick  generally  have  long  enough 
combustion  times  to  provide  sufficient 
data  for  analysis.  With  these  samples, 
it  is  also  helpful  to  cut  slits  and  to 
cover  the  bottom  and  sides  with  aluminum 
foil . 

Wires  and  Cables 

Wires  and  cables  are  generally  cut 
into  10-cm-long  pieces  and  placed  side 
by  side  in  the  sample  holder;  remaining 
space  in  the  sample  holder,  if  any,  is 
filled  with  a  medium-density 
refractory  material. 

Some  cables  contain  air  voids  or 
materials  that  readily  liquify  and  flow 
out  the  ends  of  the  cable  when  exposed 
to  the  high  temperatures  encountered 
during  testing.  This  often  results  in 
the  cables  burning  on  the  inside. 
Although  this  probably  would  not  occur 
in  a  real  fire  situation,  it  can  be 
avoided  during  testing  by  sealing  the 
cable  ends  with  an  unfired  ceramic 
cement  in  paste  form. 


"Sauereisen"  No.  1  Paste6  is 
applied  with  a  spatula  and  can  be  cured 
by  air  drying  for  several  days  at 
ambient  temperature.  The  maximum 
service  temperature  of  this  material  is 
980°C,  which  is  higher  than  the 
temperature  of  most  burning  samples  in 
the  cone  calorimeter. 

When  using  "Sauereisen"  No.  1  Paste 
to  seal  cable  ends,  it  is  often 
helpful  to  cut  slits  into  the  cable 
jacket  to  allow  trapped  air  or  volatiles 
to  escape.  This  prevents  the  cab.'  e 
jacket  from  rupturing  during  testing. 
Sealing  the  cable  ends  is  not  always 
necessary  because  many  wires  and  cables 
burn  in  a  controlled  manner,  beginning 
with  the  jacket  (see  Figure  7). 

As  previously  discussed,  the 
surface  area  of  a  burning  sample  is  an 
essential  factor  for  calculating  the 
fire  properties.  Eecause  wires  and 
cables  are  generally  round,  the  actual 
surface  area  exposed  to  the  incident 
flux  of  several  cables  placed  side  by 
side  in  the  sample  holder  is  greater 
than  the  sum  of  the  areas  calculated 
from  the  individual  lengths  and 
diameters  of  the  cables.  However, 
because  the  same  situation  exists  in  a 
real  fire  situation,  no  adjustment  for 
cable  roundness  is  made  (i.e.,  the 
surface  area  of  a  cable  is  the  area 
calculated  from  the  cable's  length  and 
diameter) . 

Intumescent  Slabs  and  Cables 

One  common  problem,  when  testing 
materials,  such  as  polyvinylchloride 
(PVC) ,  that  swell  and  char  when  burning 
is  that  the  material  rises  into  the  cone 
and  is  exposed  to  much  higher  flux 
levels  than  those  in  the  area  25  mm 
below  the  face  of  the  cone.  Since  the 
fire  properties  of  a  sample  are  often 
dependent  on  the  incident  flux  (as 
illustrated  in  Figure  8) ,  exposure  of 
part  of  the  sample  to  much  higher  (and 
not  well  known)  levels  of  flux  makes  the 
data  difficult  to  interpret.  One  way  to 
avoid  this  problem  is  to  place  a  grid 
over  the  sample  surface  and  anchor  it  to 
the  sample  holder  with  wire.  However, 
it  must  be  remembered  that  this  can 
interfere  with  the  natural  intumescence, 
thereby  altering  the  burning  behavior  of 
the  sample.  Increasing  the  distance 
between  the  sample  surface  and  the  cone 
is  not  feasible  because  the  sample 
surface  would  no  longer  be  exposed  to  a 
homogeneous  flux. 
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EXPERIMENTAL  DATA 


Types  of  Data 

Many  types  of  data  can  be  generated 
from  the  parameters  measured  by  the  cone 
calorimeter.  We  have  found  that  the 
following  types  have  the  greatest 
general  applicability: 

•  Critical  ignition  flux, 

•  Sample  mass  and  mass  loss  rate 
as  a  function  of  time, 

•  Heat  release  rate  during 
combustion, 

•  Total  heat  released, 

•  Heat  of  combustion, 

•  Heat  of  gasification  and 

•  Specific  extinction  area  of 
the  smoke. 

Critical  ignition  flux,  measured  in 
kW/m2,  is  the  minimum  flux  required  for 
sample  ignition.  It  can  be  determined 
by  extrapolating  between  those  values  of 
incident  flux  where  the  sample  ignites 
after  a  long  period  (>300  seconds)  and 
the  flux  level  at  which  the  sample  does 
not  ignite  (>800  seconds) . 

Alternatively,  the  critical 
ignition  flux  can  be  determined  by 
measuring  the  time  to  ignition  at 
several  incident  flux  levels  and 
extrapolating  a  plot  of  the  "reciprocal 
of  time  to  ignition"  versus  the 
"incident  flux"  to  the  flux  level  at 
which  the  time  to  ignition  is  infinite 
(1/time  =  0).  (See  Figure  3.)  Typical 

Figure  3. 

CRITICAL  IGNITION  FLUX  FOR  A  CABLE  WITH  FLU0R0P01YMER 
PRIMARIES  AND  AN  ETHYLENE  COPOLYMER  JACKET 
(See  Table  III) 


values  for  critical  ignition  flux  for 
materials  used  for  wire  and  cable 
applications  range  from  approximately  1 
to  35  kW/m  . 

Graphs  of  sample  mass,  measured  in 
g/actual  sample  area,  provide  assurance 
that  the  sample  burned  in  an  orderly 
manner  (i.e.,  pieces  of  the  sample  did 
not  fall  off  the  load  cell  during 
combustion) .  If  the  exposure  time  is 
long,  data  from  these  graphs  can  also  be 
used  to  determine  the  amount  of 
combustibles  present  in  the  sample. 

A  graph  of  sample  mass  loss  rate  as 
a  function  of  time  can  be  used  to 
determine  average  mass  loss  rate  and  can 
often  also  provide  a  more  detailed 
description  of  the  burning  behavior  of 
the  sample.  (See  Figure  4.)  Typical 
values  for  average  mass  loss  rate  range 
from  approximately  5  to  20  g/m2  sec. 

Figure  4. 

SAMPLE  MASS  AND  SAMPLE  MASS  LOSS  RATE  AT  50  kW/m* 
INCIDENT  FLUX  VERSUS  TIME  FOR  A  POLYVINYLCHLORIDE 
COMPOSITION  AND  A  RAME- RETARDANT  POLYVINYLCHLORIDE 
COMPOSITION.  (See  Table  II) 


-  PVC/SAMPIE  MASS 

-  FVC/MASS  LOSS  RATE 

-  FR-PVC/SAMPLE  MASS 

-  FR-PVC/MASS  LOSS  RATE 


The  heat  release  rate  of  a  sample 
during  combustion  (measured  in  kW/m2) 
and  the  total  heat  released  during  the 
test  (measured  in  MJ/m2)  can  be  plotted 
by  the  data  reduction  software  as  a 
function  of  time.  Heat  release  rate 
values  can  be  as  high  as  1,000  kW/m2 
(see  Figure  51,  but  are  generally  less 
than  500  kW/m2.  The  total  heat  released 
generally  ranges  from  1  to  100  MJ/m2. 
Average  values  can  also  be  obtained. 
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Figure  5. 

HEAT  RELEASE  RATE  AND  TOTAL  HEAT  RELEASED  AT  25  kW/m2 
INCIDENT  RUX  VERSUS  TIME  FOR  A  POLYETHYLENE  AND  A 
FLAME-RETARDANT.  HALOGEN-FREE  THERMOPLASTIC. 

(See  Table  II) 


- POLYETHYLENE/RATE 

- POLYETHYLENE/TOTAL 

- FR  HALOGEN-FREE  THERMOPLASTIC/RATE 

. FR  HALOGEN-FREE  THERMOPIASTIC/TOTAL 

The  heat  of  combustion,  measured  in 
MJ/kg,  is  the  amount  of  heat  released 
during  sample  combustion.  This  value 
may  be  constant  during  sample  burning  or 
may  vary  with  time.  In  either  case,  the 
data  reduction  software  calculates  an 
average  value  for  the  time  period.  (See 
Figure  6.)  Typical  values  range  from  1 
to  40  MJ/kg. 


The  heat  of  gasification,  measured 
in  MJ/kg,  is  the  amount  of  heat  required 
to  form  vapors  that  can  be  ignited  by  a 
flame  source.  The  vapors  result  from 
volatile  ingredients  and/or  the  thermal 
decomposition  of  the  sample.  The  heat 
of  gasification  can  be  viewed 
graphically  or  as  an  average  value. 

(See  Figure  7.)  Typical  values  range 
from  1  to  10  MJ/kg. 


Figure  7. 

HEAT  OF  GASIFICATION  AT  40  kW/m2  INCIDENT  RUX  VERSUS 
TIME  FOR  A  CABLE  WITH  SILICONE  PRIMARIES  AND  A  PVC 
JACKET.  CABLES  WERE  TESTED  WITH  AND  WITHOUT  THE  ENDS 
SEALED  WITH  "SAUEREISEN"  NO.  I  PASTE. 


TIME  (sec) 


Figure  6. 

HEAT  OF  COMBUSTION  AT  50  kW/m2  INCIDENT  RUX  VERSUS 
TIME  FOR  A  CABLE  WITH  POLYOLEFIN  PRIMARIES  AND 
A  POLYOLEFIN  JACKET.  (See  Table  III) 


The  cone  calorimeter  is  equipped 
with  a  helium-neon  laser  and  ancillary 
equipment  that  measure  the  optical 
properties  of  the  combustion  products. 

A  light  beam  (the  laser)  passing  through 
the  combustion  products  (smoke  stream) 
is  attenuated  according  to  Bouguer's 
law.  The  light  attenuation  is  a 
function  of  the  initial  light  intensity, 
the  path  length  and  the  extinction 
coefficient.  The  extinction  coefficient 
is  measured  by  the  cone  calor in;eter  and 
then  converted  to  the  specific  smoke 
extinction  area,  m2/g.  This  value 
relates  the  smoke  produced  to  the  mass 
of  the  sample  burned.  Thus,  the 
specific  extinction  area,  a  measure  of 
the  density  of  the  smoke  generated 
during  sample  combustion,  can  also  be 
presented  graphically  or  as  an  average 
value.  (See  Figure  8.)  Typical  values 
range  from  0  to  1.3  m2/g. 
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Figure  8. 

SMOKE  SPECIFIC  EXTINCTION  AREA  AT  SO  kW/m2  and  25  kW/m2 
INCIDENT  AUX  VERSUS  TIME  FOR  SLABS  OF  FLAME- 
RETARDANT  POLYOLEFIN  COMPOUND  1 .  (See  Table  II) 


Typical  Data 

Cone  calorimeter  data  for  six  types 
of  cable  jacketing  materials  are  listed 
in  Table  II.  This  information,  obtained 
from  0 . 32-cm-thick  slabs  at  50  kW/m2 
incident  flux,  makes  it  possible  to 
determine  and  illustrate  the  trade-offs 
that  occasionally  must  be  made  to 
produce  materials  with  the  required  fire 
performance  properties.  For  example: 

•  Compared  to  polyethylene,  PVC  is 
more  difficult  to  ignite  (higher 
critical  ignition  flux)  and  produces 
less  heat  while  burning  (lower  heat  of 
combustion).  However,  PVC  produces 
denser  smoke  than  polyethylene,  as  shown 
by  its  greater  specific  extinction  area. 


proouces  a  much  less  dense  smoke;  and 
generates  less  heat  during  combustion. 


Tatile  II. 

FIRE  PROPERTIES  OF  SIX  JACKETING  COMPOUNDS 
TESTED  IN  THE  CONE  CALORIMETER* 

COMPOUNDS" 

F 

17.5 

59 

100 

20 
0  25 
5  1 


'Dato  were  obtained  from  10  cm  x  10 -cm  x  0  3 -cm  slobs  al  50  kW  m7  incident  flux 
A  gna  wos  used  for  trie  two  mtumescenf  PVC  based  compounds 

'Compound  A  =  Polyethylene  8  =  Polyvinylchloride  C  -  Rome  retardant  Polyvinylchloride  0  =  Rome 
retordont  Pofyoiehn  Compound  1  f  =  Rome- retardant  Potyoiefin  Compound  2  f  -  flame  refardanr 
Polyolefin  Compound  3 


PROPERTY 
Critical  Ignitiorv 
Flux 

Ignition  Time  at 
50  kW/m2 
Heat  of 
Gasification 
Heat  ot 
Combustion 
Specific  Extinction  Area 
Mass  Loss  Rate 


UNfT 

A 

B 

C 

0 

E 

kW/m2 

<10 

10 

10 

44 

125 

sec 

35 

23 

27 

46 

46 

MJ/kg 

58 

69 

9  1 

100 

100 

MJ/kg 

42 

12 

13 

28 

30 

m2/g 

0  45 

10 

069 

057 

081 

g/m2  sec 

83 

72 

55 

48 

5  1 

Table  III  lists  cone  calorimeter 
data  for  three  functionally  equivalent 
cable  samples.  These  cables  were  tested 
at  50  kW/m2.  The  ends  of  the  cables 
were  not  capped  because  preliminary 
exper iments  showed  that  the  properties 
measured  by  the  cone  calorimeter  were 
not  affected  by  the  presence  of  the  cap 
for  these  cables  (see  Figure  7). 


Tattle  III. 

FIRE  PROPERTIES  OF  THREE  CABLES 
TESTED  IN  THE  CONE  CALORIMETER* 


CABLES" 


PROPERTY 

UNIT 

A 

B 

C 

Critical  Ignition 

Flux 

kW/m2 

12 

13 

21 

Time  to  Ignition  at 

50  kW/m2 

sec 

13 

47 

31 

Heat  of  Gasification 

MJ/kg 

7  1 

95 

100 

Heat  of  Combustion 

MJ/kg 

18 

22 

20 

Specific  Extinction  Area 

m>/g 

0  73 

0  23 

0  34 

Moss  Loss  Rate 

g  m2sec 

69 

79 

49 

•  Compared  to  PVC,  a  flame- 
retardant  grade  of  PVC  produces  less  dense 
smoke  and  requires  a  greater  energy 

input  to  produce  volatiles  (higher  heat 
of  gasification) .  These  materials  are 
equivalent  in  ignitability. 

•  Compared  to  a  flame-retardant 
grade  of  PVC,  the  flame-retardant 
polyolefin  compounds  #1  and  #2  are  more 
difficult  to  ignite  and  produce  smoke  of 
approximately  the  same  density. 

However,  these  compounds  produce  mo:  o 
heat  during  combustion. 

•  Compared  to  the  flame-retardant 
polyolefin  compounds  #1  and  #2,  the 

f lame-reta rdant  polyolefin  compound  #3 
is  much  more  difficult  to  ignite; 


'Data  were  obtained  at  50  *  w  m*  incident  flux  Coble  ends  were  not  capped 
"Cable  A  -  Polyvinylchloride  Jocke*  and  Silicone  Primaries  B  -  Poiyoieii"  Jacket  and 
Primaries  C  -  Ethylene  Copolymer  Jacket  and  Rupropoiymer  Primaries 

The  data  listed  in  Table  III  show 
that  although  cable  B  (polyolefin 
primaries  ana  jacket)  is  equivalent  in 
ignitability  to  cable  A  (silicone 
primaries  and  a  PVC  jacket),  it  produces 
a  less  dense  smoke  and  requires  somewhat 
more  energy  to  form  ignitable  vapors. 

Cable  C  ( f luoropolymer  primaries 
and  an  ethylene  copolymer  jacket)  is 
considerably  more  difficult  to  igr.ite 
than  cable  A  or  cable  B  and  produces  the 
same  lower  density  smoke  as  cable  B. 

The  heat  released  during  combustion  is 
judged  to  be  equivalent  for  the  three 
cables. 
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CONCLUSION 


The  cone  calorimeter  can  provide 
data  to  aid  in  determining  the  fire 
hazard  associated  with  wire  and  cable 
materials.  The  wide  range  of  data  that 
it  generates,  limited  only  by  the 
imagination  of  the  operator  and  the 
skill  of  the  software  writer,  is  also 
extremely  useful  for  developing  new  wire 
and  cable  products  to  meet  end-user 
requirements  for  improved  fire 
performance. 

Although  this  instrument  is 
relatively  new,  its  value  to  the  wire 
and  cable  industry  is  already  quite 
evident.  The  cone  calorimeter  truly 
represents  a  major  technological  advance 
for  use  in  fire  hazard  and  risk 
assessment  studies. 
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The  work  of  the  combustion  toxicity  working 
group  of  the  National  Institute  of  Building 
Sciences,  known  as  the  NIBS  SMOTOX  WG,  is 
on-going.  Appropriately  though,  and  because  of 
recent  advances  in  the  test  equipment,  this 
work  is  at  a  critical  stage,  dictating  the 
following  status  report. 

The  purpose  of  the  NIBS  SMOTOX  WG  is  to 
develop  a  small  scale  performance  test  for 
potential  toxic  hazard.  It  is  not  the  purpose 
of  the  NIBS  SM0"0X  WG  to  develop  another  smoke 
or  combustion  toxicity  test,  of  which  there  are 
several,  but  which  typically  only  measure  toxic 
potency.  The  two  best  known  tests  of  this  type 
are  the  NBS  Cup  Furnace  and  the  UPITT 
(University  of  Pittsburgh)  combustion  toxicity 
tests . 

A  toxic  potency  test  is  well  suited  to 
measure  the  "quality"  (actually,  the  "lack  of 
quality")  of  the  smoke,  once  the  smoke  is 
produced  by  the  burning  product.  It  does  not, 
however,  measure  the  "quantity"  of  smoke 
produced  by  the  burning  product,  the  other 
critical  ingredient  in  any  test  of  potential 
toxic  hazard. 

The  proposed  performance  test  for  potential 
toxic  hazard  intends  to  measure  both  the 
"quality"  and  the  "quantity  of  smoke, 
simultaneously.  In  measuring  "quantity",  the 
test  intends  to  consider  both  ease  of  ignition 
(commonly  measured  as  time  to  ignition)  and 
rate  of  burning,  as  the  most  important 
responses  of  a  product  to  a  fire. 

A  practical  derivation  of  the  above 
principle,  in  the  form  of  a  test  method,  is  to 
expose  the  product  to  a  given  fire,  allowing 
the  product  to  respond  to  the  fire  in  terms  of 
ease  of  ignition  and  rate  of  burning,  and 
exposing  thereto,  i.e.,  to  the  smoke  produced, 
an  appropriate  animal  specie.  In  this  work, 
rats  are  used  as  a  surrogate  for  man.  The  time 
at  which  the  rats  succumb  (death,  for  instance) 
is  then  a  measure  of  the  potential  toxic  hazard 
of  the  product. 

The  use  of  time  to  measure  potential  toxic 
hazard  is  most  appropriate  because  nearly  all 
events  relative  to  fire  safety  are  time 
dependent.  For  example,  there  is  the  time  of 
fire  ignition  and  growth,  the  time  to  detection 
and  subsequent  alarm,  the  time  for  travel  and 
evacuation,  the  time  for  response  of  the  fire 
department,  etc.  There  is  also  the  time  that 
man  needs  to  be  exposed  to  a  given 


concentration  of  gas  (or  combination,  or 
mixture  of  gases)  to  be  affected  in  terms  of 
incapacitation  or  death. 

Such  a  scheme  for  a  potential  toxic  hazard 
test  has  been  developed  by  the  WG,  which  takes 
into  account  time  to  ignition,  rate  of  burning, 
and  toxic  potency  (as  represented  by  the 
concentration  x  time  product)  simultaneously. 

PROPOSED  TEST  METHOD 

Incorporated  in  the  above  derivation  of 
the  principle  of  potential  toxic  hazard  is  the 
idea  that  this  measure  of  potential  toxic 
hazard,  time  of  death,  is  solely  a  time  during 
the  exposure  of  the  animals  to  the  fire.  For 
some  authorities,  this  is  sufficient;  in  that 
it  is  thought  that  the  escape  of  man  from  a 
toxic  hazard  situation  is  success, 
with  any  continuing  or  delayed  health  effects 
to  man  medically  treatable.  However,  there  are 
other  authorities  (which  to  date  have  prevailed 
in  the  WG)  who  feel  that  the  continuing  or 
delayed  health  effects  to  the  animals  must  be 
included  in  the  measure  of  potential  toxic 
hazard.  It  is  generally  believed  that  these 
effects  will  be  complete  within  14  days  after 
the  test  exposure.  Consequently,  a  different 
derivation  of  the  principle  of  potential  toxic 
hazard  is  proposed  by  the  NIBS  SMOTOX  WG. 

The  actual  derivation  of  the  principle  of 
potential  toxic  hazard,  accepted  by  the  NIBS 
SMOTOX  WG,  is  the  following  form  of  a  test 
method.  Again,  the  product  is  exposed  to  a 
given  fire,  but,  in  this  derivation,  for  a  time 
that  is  just  sufficient  to  cause  deaths  of  the 
animals  during  the  length  of  the  test  plus  14 
days  post  exposure.  It  is  this  fire  exposure, 
expressed  in  terms  of  the  time  of  fire 
exposure,  that  acts  as  the  measure  of  potential 
toxic  hazard.  Obviously,  there  is  a  given  for 
this  fire  exposure,  which  is  the  severity  of 
the  fire. 

FIRE  EXPOSURE 

One  of  the  key  parameters  in  this  test 
method  is  the  fire  to  which  the  product  is 
exposed.  It  is  the  intent  of  the  proposed  test 
method  to  place  the  product  in  a  given  fire,  a 
steady  fire,  and  to  let  the  product  respond  to 
that  fire.  It  is  not  the  intent  of  the 
proposed  test  method  to  simply  ignite  the 
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product  and  allow  it  to  independently  burn, 
alone,  for  this  is  less  challenging  of  the 
product  and  certainly  not  representative  of  a 
real  fire  exposure.  The  immediate  question, 
therefore,  is  --  what  fire? 

A  study  of  applicable  fire  statistics  for 
the  USA  clearly  indicates  that  the  principal 
cause  of  death  due  to  smoke  inhalation  alone  is 
of  a  fire  that  has  left  tne  room  of  origin 
(equated  by  the  WG  to  flashover  of  origin)  and 
where  the  victims  are  located  remote  from  the 
room  of  (fire)  origin.  Logic  does  side  with 
these  findings,  in  that  flashover  is  expected 
to  create  both  the  volume  of  toxic  gases  and 
the  heat  pump  in  the  room  of  origin  to  drive 
these  gases  to  a  remote  location.  A  meaningful 
fire,  therefore,  that  is  directly  applicable  to 
the  proposed  test  method  is  flashover.  A 
consequent,  apt  description  qf  flashover  is  a 
radiant  flux  level  of  5  w/cm  with  piloted 
ignition. 

Herein,  though,  laid  the  cause  for 
extensive  discussion  by  the  WG,  i.e.,  an 
appropriate  radiant  flux  level  for  flashover. 
(Piloted  ignition  is  not  a  question.)  Data 
submitted  to  the  WG,  for  the  definition  of 
flashover^ included  radiant  flux  levels  as  low 
as  2  w/cm  and  as  high  as  10  w/cm  .  However, 
practical  considerations  to  come  into  play; 
these  include  a)  the  lack  of  capability  of  the 
test  equipment  to  obtain  and  sustain  very  high 
radiant  flux  levels,  b)  the  lack  of 
discrimination  between  products  that  could 
occur  at  higher  radiant  flux  levels  (known  to 
the  author  as  the  "crowd  effect"),  c)  a 
suspicion  that  a  high  radiant  flux  level  is  not 
of  importance  once  the  product  starts  to  burn, 
and  most  products  will  burn  freely,  with 
flaming,  at  lower  radiant  flux  levels,  and  d) 
some  evidence  (from  heat  release  research 
results)  that  the  greatest  effect  of  burning 
may  be  at  moderate  radiant  flux  levels.  For 
the  moment,  the  work  of  the  WG  will^progress 
with  a  radiant  flux  level  of  5  w/cm  . 

Conceivably,  an  equally  meaningful  fire  is 
one,  again  with  piloted  ignition,  that 
duplicates  open  burning  (flaming).  This  is 
thought  to  be  the  fire  of  consequence  for 
building  contents,  for  it  is  felt  (more  by 
conception  than  by  actual  data)  that  it  is  when 
flaming  occurs  at  the  end  of  smoldering  that 
the  greatest  potential  toxic  hazard  is  created 
by  this  class  of  products.  Yet,  certainly,  the 
fire  exposure  in  the  proposed  test  method  could 
be  a  smoldering  fire,  without  piloted  ignition, 
if  needed  for  building  contents 

MEASURE 

In  that  time  of  fire  exposure  is  the 
measure  of  potential  toxic  hazard  by  this 
proposed  test  method,  it  is  suggested  that  this 
measure  be  reported  as  IT,..  It  is 
"irradiation  time",  a  sufficiently  sterile  term 
to  preclude  an  erroneous  understanding  of  the 
term  for  it  is  not  equated  to  any  given  time  in 
a  real  fire,  but  illuminating  enough  for  it  is 
an  identification  of  the  driving  force  of  the 


fire  exposure,  i.e.,  radiant  flux.  The 
subscript  50  is  derived  from  the  legendry  of 
toxicology,  for  the  response  of  animals  in  a 
toxicity  test  is  normally  measured  in  terms  of 
50%  of  the  animals.  The  IT^q  is  therefore  the 
irradiation  time  (time  of  a  given  fire 
exposure)  that  is  required  to  kill  50%  of  the 
animals  during  the  test  exposure  (30  minutes) 
plus  post  exposure  (14  days). 

It  is  a  principle  of  this  proposed  test 
method  that  the  longer  a  product  has  to  be  in  a 
fire  before  it  creates  a  toxic  hazard,  the 
safer  it  is;  because  it  provides  more  time  for 
alarm  and  response,  either  extinguishment 
and/or  evaluation,  to  the  originating  fire. 

(The  originating  fire  is  considered  to  be  of 
other  than  the  test  product.)  In  some  cases, 
this  time  may  be  more  than  sufficient  to 
prevent  a  toxic  hazard  from  originating  in  the 
first  place  from  the  product.  In  other  cases, 
the  product  will  now  be  part  of  the  "crowd 
effort",  i.e.,  all  of  the  toxic  hazards  from 
all  of  the  products  in  the  fire.  The  toxic 
hazard  in  either  case  is  still  the  same 
biological  response,  50%  animal  deaths. 

TEST  EQUIPMENT 

The  new  equipment  for  this  proposed  test 
method  is  now  at  Southwest  Research  Institute, 
assembled  and  tested.  This  is  a  most  recent 
development.  The  equipment,  so  far,  exceeds 
all  expectations.  The  new  equipment  is 
actually  a  new  combustion  chamber,  and  the 
necessary  chimney  connection  to  the  animal 
exposure  chamber. 

The  combustion  chamber  is  a  horizontal 
Pyrex  cylinder,  of  approximately  5"  diameter 
and  13"  length.  There  are  removable  Pyrex 
plugs  at  each  end  for  ease  of  cleaning  and  of 
insertion  of  the  specimen.  Up  to  4"x7" 
specimens  are  possible.  The  specimen  can  be 
continuously  weighed  by  means  of  an  external 
load  cell. 

There  are  two  external  radiant  heaters 
(dual  tubular  lamp  type),  angled  in  order  to 
obtain  a  uniform  radiant  flux  level  on  the 
upper  surface  of  the  specimen. 

The  chimney  connection  between  the 
combustion  chamber  and  the  animal  exposure 
chamber  is  1 1 -3/4"xl -  1 /4"xl 2- 1 / 2" .  It  is 
divided  into  three  channels  or  stacks;  the 
two  outer  stacks  of  about  3"  width  through 
which  "cool"  air  from  the  animal  exposure 
chamber  flows  to  the  combustion  chamber,  and 
ore  center  stack  of  about  6"  width  through 
which  "hot"  air  (i.e.,  the  products  of 
combustion)  from  the  combustion  chamber  flows 
to  the  animal  exposure  chamber;  all  in  a  very 
smooth  fashion. 

The  animal  exposure  chamber  is  still  the 
standard  N’BS  chamber,  of  2001  size  (  12,204  cu. 
in.).  It  aoes  accommodate  six  animals  (rats), 
head  only  exposure. 

A  shutter  is  located  between  the  top  of  the 
chimney  and  ,he  animal  exposure  chamber.  It 
acts  to  obtain  the  tine  of  fire  exposure. 
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SUMMARY 


There  are  many  labels  that  can  be  affixed 
to  this  proposed  small  scale  performance  test 
for  potential  toxic  hazard.  It  can  be 
considered  a  comparison  test  of  products  under 
the  same  fire  conditions.  It  does  acknowledge 
those  factors  that  create  a  toxic  hazard  in  a 
real  fire,  i.e.,  thermal  stability  of  a  product 
and  the  toxic  potency  of  the  gases  produced  by 
the  burning  product.  The  proposed  test  method 
is  expected  to  produce  a  scaler  value  (IT^), 
which  may  be  used  in  various  ways.  It  is 
expected  that  alternative  methods,  e.g., 
predictive  N-gas  modeling,  will  be  designed  to 
determine  ITj.^  without  recourse  to  excessive 
trial  and  error  testing. 

In  conclusion  then,  the  essential  elements 
of  this  proposed  test  methods  are:  a)  a  fire 
of  consequence;  a  test  of  product(s);  a  scaler 
value  for  the  test  results;  an  expected 
comparison  of  test  results  between  different 
products;  a  measure  of  potential  toxic  hazard, 
i.e.,  a  measure  of  both  the  "quality1'  and  the 
"quantity"  of  smoke,  simultaneously;  and  a 
measure  of  the  fire  size,  i.e.,  severity  and 
time  of  exposure,  to  cause  a  given 
toxicological  response  (i.e.,  death  of  50%  of 
the  animals  in  the  30  minute  test  exposure  plus 
14  days  post  exposure). 
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Summary 

Recently  fiber  optic  submarine  cables  are 
ardently  introduced  and  laid  between  islands  and 
continents.  For  this  purpose  optical  fibers 
should  bear  relatively  high  tensile  stress  during 
installation  of  such  submarine  cables.  Usually 
one  unit  length  of  optical  cable  is  around  50  km, 
therefore  in  order  to  install  longer  lines,  cables 
should  be  spliced  every  50  km.  (For  1.55  urn  wave¬ 
length  system,  repeater  distance  is  expected  to 
become  longer  than  100  km.)  But  conventional  high 
strength  splice  technique  employed  some  chemicals 
or  gases  in  order  to  attain  high-strength  splice 
and  the  splice  machines  tend  to  be  toxic  and 
difficult  to  operate. 

We  developed  a  new  technique  by  fabricating  a 
5  urn  thickness  thin  film  coatings  around  bare 
fibers  to  protect  against  any  mechanical  damages 
during  splicing  process.  Also  all  processes  were 
improved  and  arranged  into  specific  machines  and 
tools.  Using  these  improvements,  an  average 
splice  of  0.05  dB  with  a  mean  strength  of  51  N 
have  been  achieved. 


i.  Il.TP,  uQUCTIQN 

Fusion  splicing  technique  for  optical  fibers 
are  widely  accepted  and  are  regarded  as  one  of  the 
most  reliable  connecting  method  in  regard  to  lower 
splice  loss  and  higher  stability  after  reinforce¬ 
ment. 

For  longer  transmission  lines - long-haul 

lines,  undersea  cables  —  operating  wavelength  of 
1.55um  is  projected  to  be  used  for  the  benefit  of 
lower  transmission  loss.  Various  kinds  of  1.55  urn 
dispersion  shifted  single  mode  fibers  (1.55  DSF) 
are  proposed.  The  structure  of  such  a  fiber  is 
more  complicated  compared  with  the  one  used  at 
conventional  1.3  urn  wavelength.  Because  the  core 
diameter  is  smaller  and  easier  deformed.  More 
efforts  is  required  to  achieve  low  splice  losses. 

One  of  the  drawbacks  of  fusion  splicing  is 
the  low  strength  of  the  spliced  part.  Usually 
the  strength  of  an  original  fiber  is  around  70  U 
for  primary  coated  125  um  fiber  but  decreases  to 
7  N  after  splicing.  The  main  cause  is  assumed  to 
be  the  contact  of  bare  fiber  with  surrounding 
materials  such  as  removing  blade,  cutting  blade 
and  v-shaped  groove  for  alignment. 

For  factory  splicing  of  single  mode  fibers, 
various  splicing  techniques  ana  the  coating 
restoration  techniques  have  been  reported. 
Krause  employed  flame  fusion  splicing  using 


chrol inehydrogen  gas  and  restored  the  splice  point 
with  UV  curable  material.  Thereby  he  obtained 
fiber  strengths  over  4  GPa.  Leach  '  used  arc 
fusion  and  obtained  mean  splice  loss  of  0.1  dB  and 
mean  splice  strength  around  1  %  strain  by  mini¬ 
mizing  the  exposed  fiber  length  and  controlling 
fusion  process.  Many  reseachers  pointed  out  there 
are  at  least  two  essential  factors  to  perform  high 
strength  splicing — perfect  c leaving  and  good 
fiber  al ignment . 

To  lower  the  splice  loss  and  to  shorten  the 
operation  time,  fibers  should  be  fixed  stably 
during  fusion  process.  In  normal  splicing,  bare 
fibers  are  set  onto  V-'haped  grooves  which  damages 
the  fiber  surface.  To  overcome  these  difficulties 
we  developed  thin  film  coating  techniques  •  • 

which  have  been  applied  to  1.3  um  fibers.  An  av¬ 
erage  splice  loss  of  0.09  dB  and  a  mean  t.ensile 
strength  of  20  N  were  obtained. 

In  this  paper,  an  improvement  to  the  above 
technique  and  its  application  to  DSF  is  reported. 


2.  PROCEDURE 

A  set  of  high  strength  splice  apparatuses  are 
listed  in  Table  1. 

2-1.  Applicable  optical  fibers 

Most  of  the  silica  based  fibers  in  the 
commercial  market  are  applicable  only  if  their 
buffer  coating  materials  can  be  successfully 
removed  and  fiber  diameter  is  around  125  um.  The 
structures  and  dimensions  of  the  test  fiber  are 
shown  in  Table  2. 


Table.  1  Apparatuses  and  Machines. 


Process 

Name  of  the  tool,  machine 
and  equipment 

1 

JACKET 

REMOVING 

Mechanical  stripper 
with  a  hot  iron 

2 

CLEANING 

Ultrasonic  Batn 

3 

CLEAVING 

Cleaver 

4 

THIN  FILM 
COATING 

Coating  Machine 

2 

SPLICING 

Arc  Fusion  So : icer 
(Direct  Core  '■'on  i  i-ir  J  rg  ) 

6 

PROOF 

~E$T 

proof  "ester 

7 

REINFORCE 

Protection  3 ; eeve  Meater 
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2-2.  Procedure  of  the  splice 

The  procedure  is  divided  into  7  steps.  Each 
process  is  schematically  illustrated  in  Fig.  1. 

(1)  Jacket  removing:  Certain  fibers  were 
easily  removed  its  jacket  by  using  heat.  The 
optimum  temperature  was  different  and  found 
dependent  on  to  its  jacket  material.  Fig.  2  shows 
the  dependence  of  the  stripping  force  on  tempera¬ 
ture.  The  lowest  region  was  80-120°C.  The  gap 
between  the  blade  of  150-180  urn  was  chosen  to 
prevent  damaging  onto  the  fiber. 

(2)  Cleaning:  Primarily  stripped  fibers  typ- 
i-ally  have  some  residuals  on  the  surface. 
Dipping  such  fibers  into  acetone  with  ultrasonic 
vib-ation  was  found  effective  for  cleaning  .  A 
well-cleaned  fiber  is  necessary  to  recoat  in  the 
following  process. 

(3)  C leaving:  A  new  type  of  cutting  tool  was 
developed.  A  fiber  end  is  set  between  two 
clamps,  each  holding  a  bare  fiber  portion  and 
coated  one,  and  given  a  certain  tension.  A  round 
blade  is  positioned  between  the  clamps,  moving 
perpendicular  to  the  fiber  axis  thereby  making 
scratches  onto  the  fiber  surface.  During  the 
process  the  initiating  flaw  gets  deeper  and  deeper 
and  finally  the  fiber  breaks  resulting  in  a  flat 
endface. 

(4)  Thin  film  coating:  The  bare  portion  of 
the  fiber  is  coated  one  by  one  with  UV  curable 
resin,  except  for  a  few  mm  from  the  cut  end  and 
irradiated  under  a  UV  lamp.  Thus  the  fiber  is 
protected  with  a  UV  layer  during  the  following 
processes. 

(5)  Fusion  splicing:  Two  ends  of  fibers  are 
set  on  the  V-shaped  groove  and  fixed  with  a 
plastic  clamp.  The  fibers  are  aligned  using  a  CCD 
camera  and  microprocessors.  6:  ("Direct  Core 
Monitoring  System")  Finally  the  fibers  are  fused 
together  with  a  core  axis  offset  less  than  0.2  urn. 

(6)  Proof  test:  To  orove  the  strength  of  the 
spliced  points,  every  fiber  experiences  a  proof 
test  by  pulling  for  one  second.  The  proof  test 
conditions  are  listed  in  Table  3. 

(7)  Reinforcement:  Spliced  fibers  are  rein¬ 
forced  with  heat-shrinkabl e  tubes  that  are  conven¬ 
tionally  used  for  protection.  This  application  is 
mainly  intended  for  splices  between  two  cables, 
where  spliced  points  are  accomodated  in  closures. 


Table.  2  Test  Fiber 


Diameter  of  the  jacket 

250  urn 

Diameter  of  the  cladding 

125  urn 

Diameter  of  the  core 

8  urn 

Cut  off  wavelength 

1.1  urn 

Material  of  the  jacket 

UV  Curable  Resin 

temperature  (°) 

Fig.  2  Stripping  force 

dependency  on  temperature 


2-3.  Required  time  Table.  4  Process  Time 


Table  4  shows  the  average  results  of  time 
required  in  each  process.  Totally,  it  took  about 

JACKET  REMOVING 

1  min  > 

20  minutes  to  finish  one  splice. 

CLEANING 

2 

L  x  for 

CLEAVING 

1  1 

both 

Table . 

3  Proof  Test  Condition 

THIN  FILM  COATING 

3  J 

fiber  ends 

FUSION  SPLICE 

2 

Duration  Time 

1  sec 

PROOF  TEST 

3 

Pulling  Speed 

10  mm/sec 

REINFORCEMENT 

1 

Tensi 1 e  Force 

2.5% 

(23  N  for  125  urn  f’ber) 

TOTAL 

20  min 
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3.  BASIC  TECHNOLOGIES 


3-1.  Comparison  with  conventional  methods 

Fig.  3  shows  a  comparison  between  conven¬ 
tional  methods  and  new  method.  The  new  method 
consists  of  seven  processes,  some  of  which  are 
newly  developed,  others  are  modified  or  improved 
from  conventional  ones. 


Conventional  "high  strength"  splice  method(A) 
started  from  cleaving  and  ended  with  restoration 
of  the  jacketed  material.  Major  disadvantages 
are  :  - 

{ a - 1 )  The  use  of  chemicals  is  inavoidable. — 
limits  the  applicable  field. 

( a- 2 )  Cleaving  characteristics  are  not  good  be¬ 
cause  difficulties  arise  during  cleaving  when 
jacket  is  not  removed. 

( a - 3 )  Splice  losses  are  not  good  because  of  the 
instability  of  fiber  holding. 

Conventional  "normal"  splice  method(B)  is 
simple  and  straight  forward.  Time  required  is 
usually  less  than  10  minutes  per  splice,  but  it  is 
impossible  to  prevent  the  fibers  from  weakening. 

The  new  method  was  developed  in  regard  to 
being  simple,  straight  forward  and  accurate.  The 
machines  were  developed  or  improved  to  be  small, 
lightweight  so  that  they  could  be  carried  to  the 
field,  as  well  as  being  more  accurate  in  order  to 
spl ice  1.55  DSFs . 

The  asterisks  in  Fig.  3  indicate  the  newly 
developed  processes  or  machices.  The  key  tech¬ 
nologies  are  cleaving  and  thin-film  coating,  that 
made  it  possible  to  use  conventional  splicer  with 
higher  strength  and  equivalent  splice  loss.'7) 


3-2.  Hew  cleaving  technique 

In  order  to  accomplish  lower  splice  losses, 
the  endface  of  fibers  should  have  a  mirror 
surface  and  be  perpendicular  to  the  fiber  axes. 
Conventi ona1 1 y  fibers  are  scored  and  pulled  or 
bent  to  make  good  results. 

Gloge18'  investigated  the  cleaving  principle 
using  such  a  cleaver  that  gives  a  fiber  tension, 
score  and  bending  sequence.  He  obtained  the 
cleaving  conditions  using  breaking  tension  in  the 
range  of  125  to  175  g,  scorer  pressure  of  1.5  to 
7.5  g  and  7.5  cm  radius  breaker.  He  used  a 

straight  diamond  tip  as  a  scorer  and  scored  the 
fiber  by  touching  and  pulling.  Haibara  i9'  fixed  a 
fiber  with  two  clamps,  scored  with  a  round  blade 
and  bent  with  a  round  breaker.  In  this  cleaver, 
no  tension  is  added  to  the  fiber.  Instead  of 
controlling  the  blade  pressure,  a  certain  fiber 
deflection  was  imposed  equivalent  to  10  g  tension. 
The  optimum  bending  radius  was  around  6  cm. 

In  these  two  techniques,  a  bare  fiber  had  to 
be  clamped  thereby  the  fiber  was  weakened. 

Fig.  4  shows  the  schematic  view  and  an  appea¬ 
rance  of  the  developed  cleaver.  There  are  two 
clamps,  left  one  holds  the  surviving  fiber 
coating,  right  one  holds  the  bare  fiber  to  be 
discarded.  A  round  blade  moves  perpendicular  to 
the  fiber  axis  and  is  raised  stepwise  stroke  by 
stroke,  thereby  the  initiating  score  becomes 


tension  release  lever 

bare  fiber 


(b/  avpeara^ce 
Fig. 4  Cleaving  too1 
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larger.  A  tension  is  imposed  to  the  fiber  using  a 
coil  spring.  In  case  of  higher  tension,  the 
endface  tend  to  become  "hacMe",  in  case  of  lower 
tension,  the  fibers  would  not  be  cleaved.  Fig.  5 
shows  the  relation  between  the  tension  and  an 
average  cleaved  angle.  210  g  tension  gave  the 
minimum  angle.  This  value  is  very  close  to 
Suzuki's(l0)  result,  where  good  endfaces  were 
obtained  when  the  fracture  stress  was  around  20 
kgf/mm2(=240  g).  Fig.  6  shows  the  typical  endface 
observed  with  an  interferometric  microscope. 

The  height  of  the  blade  and  the  fiber  at  the 
initial  is  experimentally  changed.  The  height 
between  the  top  of  the  blade  and  the  bottom  of  the 
fiber  is  defined  as  Ah.  When  4h  is  larger  than  50 
urn  the  fibers  are  cut. 

Fig.  6  show  a  histogram  of  the  endface 
inclination  of  the  fibers  using  the  cleaver  and  a 
typical  endface.  All  endfaces  were  flat,  and  an 
average  inclination  angle  was  around  0.5°.  Fig.  7 
shows  the  relation  between  the  splice  loss  and 
the  endface  inclination.  The  solid  line  is  the 
mean  value  of  the  data.  This  result  suggests  the 
splice  loss  of  1.55  DSF  are  much  more  dependent 
on  endface  angle  than  1.3  urn  fibers. 

3--3.  Thin  film  coating  technique 

Cleaved  fiber  ends  need  to  be  protected  from 
mechanical  damages.  We  utilized  UV  curable  resin 
chemically  compatible  to  fiber  buffer  layer  and 
fabricated  a  thin  film  around  the  bare  fiber. 
Fig.  8  show  the  machine  and  the  principle  of 
coating.  A  fiber  end  is  inserted  into  UV  resin 
dip  and  fed  along  its  axis  at  a  constant  speed, 
thereby  a  thin  layer  remain  on  the  fiber  surface 
(Fig.  8  ( C) ) .  This  process  is  divided  into  3 
steps . 

(1)  Bridging  of  UV  curable  resin — precise  control 
of  supplied  resin  is  necessary. 

(2)  Constant  coating---Move  the  fiber  into  the 
bridging  and  feed  in  the  direction  of  fiber  axis 
at  a  constant  speed. 

(3)  Irradiation  of  UV  1 i ght — A  fiber  bundle  is 
used  to  introduce  UV  light  and  to  illuminate  the 
fiber  ends  uniformly. 


(°) 


Fig.  5  Relation  between  tension  and  endface  angle 


(a)  Endface  inclination  (b)  Typical  endface 

*.  =  0.63um 

Fig.  6  Endface  inspection 


endface  inclination  8 


Fig.  7  Splice  loss  dependency 
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Fig.  8  Thin  film  coating  machine 
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The  coating  thickness  depends  mainly  on 
physical  characteristics  of  the  resin,  and  the 
coating  speed.  Fig.  9  shows  typical  relation 
between  temperature  and  the  viscosity.  Higher 
viscosity  cause  fluctuation  of  the  thickness 
and  lower  viscosity  leave  the  fiber  uncoated.  A 
uniform  layer  was  obtained  by  keeping  the  tem¬ 
perature  constant.  Fig. 10  show  a  cross  section  of 
a  coated  fiber,  coated  region  and  diameter  measure¬ 
ment  along  the  fiber.  There  was  a  small  fluctua¬ 
tion  but  it  did  not  cause  any  significant  loss 
increase  when  clamped. 

After  many  fibers  of  various  coating  thick¬ 
ness  were  obtained,  it  was  found  that  thicker 
coating  cause  eccentricity  resulting  in  unstable 
holding  and  thinner  coating  was  easily  broken  by 
usual  handling.  Optimum  coating  thickness  were 
found  around  5  urn.  Using  such  fibers,  the  effec¬ 
tiveness  of  thin  film  coating  is  shown  in  Fig.  11. 
The  figure  shows  the  stability  of  transmitted 
light  power,  when  two  coated  fiber  are  butt-jointed 
together.  Solid  line  indicates  light  power  is 
stable  when  fibers  are  clamped  on  a  V- groove. 
Dashed  line  shows  a  large  decrease  of  light  power 
when  a  original  jacketed  fiber  is  clamped.  In  the 
latter  case,  the  light  power  remained  unstable  for 
more  than  10  minutes  because  of  the  elasticity  of 
the  jacket  material . 


temperature  (°) 


Fig.  9  Viscosity  of  UV  curable  resin 


TIME  (sec) 


Fig.  11  Transmitted  light  power  change 


100  urn 

(b)  SEM  photograph 


Fig.  10  Appearance  of  a  thin  film  coated  fiber 
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4.  PERFORMANCE 


5=0.05(dB) 
o=0 . 03 ( dB ) 
N=50 


4-1.  Splice  loss 

Fig.  12  to  14  show  the  comparison  of  the 
splice  loss.  In  Fig.  12,  histogram  of  the  splice 
loss  of  bare  fibers  is  shown.  In  Fig.  13,  the 
result  for  jacketed  fiber  clamp  method  is  shown. 
In  Fig.  14,  the  result  for  thin  film  coated  fiber 
is  shown.  Thus,  it  is  shown  that  the  first  and 
the  last  case  give  us  very  low  and  stable  splice 
losses. 

4- 2.  Strength  of  the  splice 

Figs.  15  shows  the  failure  strength  of  a 
spliced  and  reinforced  fiber.  Thin  film  coated 
fibers  show  stable  and  consistent  performance  and 
the  yield  for  2%  screening  (18.6  N)  is  more  than 
97%. 

5,  RELIABILITY  OF  THE  SPLICE 

5- 1.  Static  fatigue 

Table  5  shows  the  test  condition.  A  spliced 
fiber  was  reinforced  with  a  heat-shrinkable  tube. 
The  breakability  for  5000  hours  was  zero. 

5-2.  Dynamic  fatigue 

Fig.  17  shows  the  results.  The  mean  tensile 
strength  until  failure  was  not  dependent  on  strain 
rate. 

5-3.  Heat  cycle 

Same  fibers  are  spliced  5  times  in  series 
with  a  distance  of  10  meters.  This  sample  fiber 
was  tested  under  alternating  temperature  between 
-40°C  to  +70°C  for  10  cycles.  Maximum  power 
change  was  0.01  dB  per  splice  point. 

5-4.  Humidity 

Same  sample  as  in  5-3  was  left  in  95%  RH, 
60°C  for  more  than  10  hours.  The  loss  change  was 
less  than  0.01  dB/splice. 

5- 5.  Heat  shock 

Same  sample  was  dropped  into  -70°C  alcohol. 
There  was  no  significant  change. (<  0.01  dB/splice) 

6.  CONCLUSION 

6- 1.  Performance  of  thin  film  coating  method 

The  strength  and  splice  loss  were  investi¬ 
gated  by  comparing  with  conventional  methods. 

The  strength  is  51  N  on  the  average  which  is 
equivalent  with  jacketed  fiber  clamping  method. 

The  splice  loss  is  0.05  dB  which  is  equiva¬ 
lent  with  bare  fiber  splice. 

The  time  required  is  20  minutes  per  one 
spl ice  . 

6-2.  Reliability  of  thin-film  coated  fiber 

The  long  term  stability  (static  fatigue)  and 
dynamic  fatigue,  neat-cycle  test  were  imposed. 
All  the  results  showed  that  the  reinforced  portion 
of  thin  film  coated  fiber  had  good  reliability. 
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Fig.  12  Splice  Loss — normal  splice 
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Fig.  13  Splice  Loss — original  jacketing  clamp 


Fig.  14  Splice  Loss — thin  film  coating 


(b)thin  film  coated  fiber 


Fig.  15  Tensile  strength 
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MEAN  OF  TENSILE 
STRENGTH  (GPa) 


References 


Table.  5  Test  Conditions  for  reliabity 
of  the  reinforced  fiber 


ITEM 

C0N0ITI0N 

RESULT 

1 

STATIC 

0. 5/1.0%  strain, 

good 

FATIGUE 

>  5000  Hours 

(Fig.  16) 

2 

DYNAMIC 

strain  rate 

good 

FATIGUE 

5  to  500  mm/mi n. 

(Fig.  17) 

3 

HEAT 

-40  to  +70°C , 

<  0.01  dB 

CYCLE 

10  cycles 

4 

HUMIDITY 

95%  RH,  60°C,  >  10  hours 

<  0.01  dB 

5 

HEAT 

room  temperature  to  -70°C, 

<  0.01  dB 

SHOCK 

10  times 

Fig.  16  Static  Fatigue 


STRAIN  RATE  (%/tnin) 
Fig.  17  Oynamic  Fatigue 
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MECHANICAL  OPTICAL  FIBER  SPLICE  CONTAINING  AN  ARTICULATED 
CONFORMABLE  METALLIC  ELEMENT 


Richard  A.  Patterson 


3M  Company  Austin/  Texas 


A  new  mechanical  optical  fiber  splice 
has  been  developed  which  is  very  fast 
and  easy  to  use  and  at  the  same  time 
provides  loss  performance  approaching 
"tuned"  mechanical  splices.  The  new 
splice  derives  its  performance 
capabilities  and  ease  of  use  from  a 
unique  conformable  articulate 
metallic  element  which  simultaneously 
aligns  and  clamps  the  optical  fibers 
within  the  splices.  This  paper 
describes  the  design  configuration, 
operating  principles,  and  function  of 
the  new  splice.  Results  of  testing 
on  the  new  splice  are  also  provided. 


Background 

Optical  fibers  have  been  spliced 
using  both  fusion  systems  and 
mechanic^1  fiber  splices.  Fusion 
spl  ic. '.;•<*  systems  can  provide  low  loss 
splices  but  usually  require  expensive 
fiber  alignment  and  fusing  equipment. 
Mechanical  splices  typically  require 
less  expensive  assembly  equipment, 
but  without  tuning,  cannot  provide  as 
low  initial  loss  as  fusion  splices. 
Tuning  of  mechanical  splices  involves 
adjusting  the  relative  positions  of 
the  fibers  in  the  splice  to  bring  the 
fiber  cores  into  better  alignment. 
Usually,  tuning  of  mechanical  splices 
increases  the  splice  assembly  time. 


and  may  also  require  the  use  of 
loss  minimization  such  as  local 
light  injection  and  detection  or  an 
additional  operator. 

The  subject  of  this  paper  is  a 
new  single  or  multimode  mechanical 
optical  fiber  splice  which  is  very 
fast  and  easy  to  assemble,  and 
provides  insertion  loss  performance 
approaching  a  tuned  mechanical 
splice.  Because  the  new  splice 
does  not  require  tuning,  it  can  be 
completely  assembled  in 
approximately  30  seconds  following 
normal  fiber  preparation  consisting 
of  plastic  coating  removal  and 
fiber  end  cleaving.  All 
combinations  of  250um  and  900utn 
plastic  coatings  can  be  accomodated 
in  the  new  splice.  The  new  splice 
is  assembled  using  a  small, 
inexpensive  plastic  holding  and 
actuation  fixture. 

The  new  splice  has  shown 
excellent  stability  in  long  term 
temperature  cycling,  water 
immersion,  and  vibration  tests.  It 
provide*  iow  insertion  loss  without 
tuning  ar.d  low  back  reflection.  It 
can  also  withstand  fiber  tensile 
loads  in  excess  of  .75  pound 
without  significant  (.03db)  change 
in  loss. 


Descript  ion  of  New  Spl ice 


The  new  mechanical  splice, 
which  is  shown  in  exploded  view 
Figure  1_ ,  consists  of  five  (5) 
major  parts.  Four  of  these  parts 
are  molded  from  a  highly  stable 
glass-filled  plastic  material. 


These  molded 
" jacket  "  , 
i dent ical 
assemb 1 ed , 


parts  include  the 
the  "cap"  ,  and  two 
"end  plugs".  When 
these  parts  create  the 


I 


1 
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case  or  housing  for  the  splice.  The 
other  part  of  the  splice  is  the  "V" 
shaped  metallic  fiber  alignment  and 
clamping  element.  The  element  is 
fabricated  in  a  series  of  high 
precision  metal  embossing,  blanking 
and  bend  operations  from  a  soft 
corrosion  resistant  aluminum  alloy. 
The  element  contains  a  precision 
channel  located  at  the  base  of  the 
"V"  section  for  aligning  and  clamping 
the  glass  optical  fibers.  Figure  2  is 
an  assembly  drawing  showing  the  cap, 
jacket,  element  and  end  plugs  in 
their  assembled  form. 

The  major  structural  member  of 
the  new  splice  housing  is  the  jacket. 
The  jacket  is  1.50  inches  long,  .25 
inches  high,  and  .15  inches  wide. 
The  top  side  of  the  jacket  is  flat, 
and  the  bottom  side  contains  a  full 
radius  along  its  entire  length  of 
1.50  inches.  Openings  are  molded  in 
the  top  (flat)  side,  and  in  both  ends 
of  the  jacket.  The  top  surface  of 
the  jacket  also  contains  fiber  size 
designation  circles. 

The  cavity  or  opening  in  the  top 
side  of  the  jacket  receives  both  the 
metallic  "V"  shaped  element  and  the 
cap.  This  cavity  has  a  groove 
running  along  its  full  length  at  the 
bottom  for  locating  the  "closed"  side 
of  "V"  shaped  element.  The  open  side 
of  the  element  faces  the  open  side  of 
the  cavity.  The  alignment  and 
clamping  channel  in  the  element  is 
positioned  near  the  bottom  of  the 
cavity  and  parallel  to  the  1.50  inch 
dimension.  The  element  cavity  also 
has  detents  molded  into  its  side 
walls  which  engage  matching  detent 
ribs  in  the  cap.  This  produces  a 
detent  system  tnat  holds  the  cap  in 
its  initial  open  position  and  then  in 
its  final  closed  position. 

Both  ends  of  the  jacket  also 
contain  openings  which  are  connected 
to  the  central  element  cavity.  These 
openings  each  have  a  semi-circular 
groove  molded  along  the  side  face  of 
the  opening  adjacent  the  radiused 
bottom  side  of  the  jacket.  These 
grooves  form  half  of  the  fiber  entry 
and  guiding  ports  in  the  splice.  The 
other  half  of  these  grooves  are 
molded  into  the  side  faces  of  the 
splice  end  plugs.  When  the  end  plugs 
are  inserted  into  the  end  openings  of 
the  jacket,  two  precision  stepped 


circular  fiber  entry  ports  are 
formed.  These  entry  ports  are  in 
precise  alignment  with  the  fiber 
alignment  and  clamping  channel 
within  the  element  when  the  .‘lenient 
is  properly  positioned  ^n  its 
groove  inside  the  splice  jacket. 

As  can  be  seen  in  F  i  qure  2, 
The  fiber  entry  ports  have  a  small 
diameter  section  closest  to  the  "V" 
shaped  element  cavity  that  opens  up 
into  a  larger  diameter  section 
near  the  ends  of  the  splice.  The 
inner  smaller  diameter  section  is 
approximately  .008  inches  in 
diameter  by  .110  inches  iong,  and 
accurately  guides  the  bare  glass 
fiber  into  the  alignment  and 
clamping  channel  within  the 
element.  The  smaller  diameter  hole 
opens  up  into  a  larger  diameter 
hole  at  a  tapered  transition 
section.  The  larger  diameter 
portion  of  the  port  is  chamferred 
at  its  outside  end  and  provides  a 
snug  slip  fit  on  the  plastic 
coating  of  the  fiber.  The 
transition  betwen  the  small  and 
large  entry  port  diameters  serves 
as  a  stop  for  the  plastic  coating 
on  the  fiber  when  it  is  inserted 
into  the  splice.  The  snug  fit 
between  the  plastic  coating  on  the 
fiber  and  the  splice  hous.ina 
minimizes  the  bending  stress  cn  the 
fiber  as  it  exits  the  splice 
housing.  The  larger  portion  of 
the  port  is  sized  at  approximately 
.011  inches  diameter  for  the  250um 
fiber  or  at  approximately  .037 
inches  for  the  OOOum  fiber. 

The  new  splice  cen  have  entry 
ports  to  accomodate  250um  plastic 
coatings  on  both  of  the  ends  to  be 
spliced,  250um  coating  one  end  and 
900um  coating  the  other  end,  or 
900um  coating  both  ends.  These 
combinations  have  been  designated 
by  color  coded  splice  housings. 
The  2  50um  to  250um  splice  is  all 
black.  The  250um  to  900um  splice 
has  a  black  jacket  and  white  cap. 
The  end  of  the  splice  for  receiving 
the  250um  fiber  has  a  black  plug 
and  the  end  for  the  900um  fiber  has 
a  white  plug.  The  900  urn  to  900um 
splice  is  all  white.  Additional 
fiber  size  identification  is 
provided  by  the  designation  circles 
which  are  located  on  the  top  flat 
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portion  of  the  jacket  near  the  ends. 
The  250um  port  end  of  the  splice  is 
designated  by  a  circle  containing  a 
triangle.  The  900um  port  is 

designated  by  a  full  circle. 

An  additional  function  of  the 
splice  end  plugs  is  to  retain  the 
element  inside  its  cavity  and  prevent 
it  from  being  lifted  out  even  if  the 
cap  is  removed.  As  can  be  seen  in 
Figures  1^  and  2_,  the  element  contains 
notches  at  both  ends.  The  plugs 
contain  projections  which  fit  into 
these  notches  in  the  element  when  the 
element  is  properly  located  in  its 
groove  inside  the  jacket,  and  the 
plugs  are  fully  seated  in  their 
openings.  The  nooks  on  the  plugs 
thus  hold  the  element  in  the  proper 
position  inside  the  jacket. 

The  cap  for  the  new  splice  fits 
into  the  central  cavity  in  the 
jacket  after  the  element  and  end 
plugs  have  been  installed.  The  cap 
consists  of  a  flat  top  section  with 
two  parallel  side  skirts  running 
under  the  full  length  of  the  top 
section.  Detent  ribs  are  molded  into 
the  outside  faces  of  the  skirts  at 
both  ends.  These  detents  engage 
matching  detent  features  inside  the 
jacket  element  cavity  when  the  cap  is 
installed  in  the  jacket.  The  first 
detent  position  holds  the  top  of  the 
cap  approximately  .050  inches  above 
the  top  flat  portion  of  the  jacket. 
The  cap  can  be  pushed  to  the  second 
detent  position  where  the  top  of  the 
cap  is  flush  with  the  top  of  the 
jacket  .  The  cap  is  held  in  this 
position  by  engagement  of  an 

additional  ^ct  of  detent  rib  =  inside 
the  jacket  . 

Two  small  notches  are  provided 

in  each  side  of  the  jacket  under  the 
fiat  top  portion  of  the  cap.  These 
notches  allow  the  closed  cap  to  be 
reopened  with  a  special  tool  by 

providing  access  to  the  underside  of 
the  cap  so  it  can  be  lifted. 

The  cap  has  a  "U"  shaped  cross 
section.  The  slot  which  is  located 
between  the  side  skirts  of  the  cap 
runs  full  length  under  the  top  of  the 
cap.  This  slot  contains  a  wider 
section  between  the  side  skirts  at 

the  open  side  of  the  "U"  section. 
This  wider  portion  transitions  into  a 
narrower  section  further  up  the 
inside  walls  of  the  skirts,  and  ends 


in  a  full  radius  adjacent  the  top 
of  the  cap.  The  wider  section  of 
the  slot  is  approx imately  .065 
inches  wide  and  the  narrower 
section  is  approx ima tel y  .055 
inches  wide.  The  transition 
between  the  two  slot  widths  are  at 
30  angles. 

When  the  cap  is  seated  in  its 
"open"  detent  position  inside  the 
jacket,  with  its  top  .050  inches 
above  the  top  of  the  jacket  ,  the 
open  legs  of  the  element  are 
located  in  the  wider  section  of  the 
slot  inside  the  cap.  When  the  cap 
is  pushed  into  the  jacket  and 
seated  fully,  the  legs  of  the 
element  ride  up  into  the  narrower 
section  of  the  cap.  This  forces 
the  legs  of  the  element  together 
and  causes  the  fiber  alignment  and 
clamping  functions  to  occur  inside 
the  element  on  fibers  which  have 
been  inserted  into  the  splice. 
Figure  3  shows  a  cross  sectional 
view  of  the  new  splice  with  the  cap 
in  its  "open"  position  and  legs  of 
the  element  in  contact  with  the 
wide  portion  of  the  slot  in  the 
cap .  Figure  3  also  shows  the  cap 
in  its  closed  position  with  the 
legs  of  the  element  pushed  together 
when  they  are  forced  up  inside  the 
cap  as  the  cap  is  pushed  flush  with 
the  top  of  the  jacket  . 

The  new  splice  is  provided  to 
the  fiber  installer  completely 
assembled  with  the  cap  in  its  open 
position.  The  inside  of  the 
element  is  filled  with  a  silicone 
based  index  matching  gel  at  the 
factory.  A  small  amount  of  the 
same  gel  is  also  injected  into  both 
the  entry  ports  of  the  splice  to 
insure  that  the  fibers  are  coated 
with  gel  when  they  are  inserted 
into  the  splice.  The  new  splices 
are  packaged  individually  in  sealed 
compartments  in  a  vacuum  formed 
packaged  to  keep  them  clean  and  dry 
prior  to  use. 

Figure  4  shows  the  molded 
plastic  assembly  tool  that  is  used 
to  hold  the  new'  splice  and  optical 
fibers  during  the  assembly  process, 
and  to  close  the  cap  of  the  splice. 
The  tool  contains  a  pivoted  hand  1  w 
mounted  above  the  splice  holding 
cradle  at  the  center  of  the  base. 
Fiber  retention  pads  are  located  at 
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the  ends  of  the  tool  to  restrain  the 
optical  fibers  being  inserted  in  the 
splice.  The  tool  also  contains 
integral  fiber  cleave  length  gages  at 
both  ends  to  check  the  length  of  bare 
fiber  projecting  beyond  the  edgs  of 
the  plastic  f.ber  coating. 

Principle  of  Operation  of  the 
Metallic  Element 


The  new  mechanical  splice 
obtains  its  fiber  alignment  and 
clamping  capabilities  from  the  V' 
shaped  metallic  element.  The 

metallic  element  is  fabricated  from  a 
soft  corrosion  resistant  aluminum 
alloy.  The  fabrication  process 

utilizes  this  aluminum  alloy  in  strip 
form  from  rolls.  As  the  strip  passes 
through  a  series  at  precision 
embossing ,  stamping,  and  blanking 
operations,  flat  element  blanks  like 
the  one  shown  in  Figure  5  are 
produced.  The  completed  flat  element 
blank  contains  a  high  precision  "W" 
shaped  cross  section  groove  across 
its  center  portion.  The  chamferred 
sections  at  each  end  of  this  groove 
provide  a  funnel  shaped  transition  to 
the  fiber  alignment  channel  when  the 
element  is  bent  into  its  final  V 
shape . 

The  "W"  shaped  groove  in  the 
element  blank  contains  nine 

individual  planar  surfaces,  and 
creates  two  thinned  sections  or  hinge 
points  about  which  the  element  can  be 
bent  to  create  its  "V"  shape.  The 
two  edges  of  the  flat  element  which 
are  parallel  to  the  main  "W"  shaped 
groove  are  also  radiused  on  the 
opposite  side  so  they  will  easily 
slide  inside  the  cap  after  the 
element  is  bent  into  its  "V"  shape 
and  assembled  inside  the  splice.  The 
notches  in  the  corners  of  the  element 
blank  are  engaged  by  the  projections 
on  the  end  plugs  as  described 
prev ious ly . 

After  the  flat  element  blank  has 
been  cleaned,  the  "W"  shaped  groove 
is  inspected  optically  for  any 
defects.  The  element  blank  is  then 
accurately  located  in  a  precision 
automatic  bending  fixture.  This 

fixture  clamps  the  element  blank  in 
the  correct  position,  and 

simultaneously  bends  both  legs  of  the 
blank  about  the  thinned  sections  in 


the  "W"  shaped  groove  to  produce  a 
completed  element  as  shown  in 
Figure  6.  The  element  is  then 
filled  with  index  match  gel  and  is 
ready  to  assemble  in  the  splice. 
In  its  final  bent  "V"  shaped  form, 
the  distance  between  the  radii  on 
the  back  side  of  the  legs  is 
approximately  .070  inches-  This 
provides  a  snug  fit  of  the  element 
legs  inside  the  wider  .065  inches 
section  of  the  cap  groove. 

When  the  element  is  bent  into 
its  final  "V"  shape,  the  original 
"W“  shaped  groove  in  the  element  is 
transformed  into  an  equalateral 
triangular  cross-section  fiber 
alignment  and  clamping  channel 
which  runs  full  length  of  the 
element  at  the  base  of  the  "V". 
This  channel  is  comprised  of  the 
first,  fifth,  and  ninth  flat 
surfaces  from  the  original  "W" 
shaped  groove.  The  channel  is 
large  enough  initially,  so  that  a 
125um  glass  fiber  can  be  easily 
inserted  into  it  from  each  end. 
The  chamfers  at  each  end  of  the 
channel  make  it  easy  to  insert  the 
f iber  . 

After  bending,  the  element  can 
be  considered  to  contain  3 
articulated  parts  or  sections.  The 
center  section  is  a  flat  topped 
triangular  cross  section  rib.  This 
rib  is  attached  to  each  of  the 
element  legs  or  levers  through  the 
thinned  sections  in  the  original 
"W"  shaped  groove.  These  thinned 
sections  function  like  flexure 
hinge  points  for  the  element  legs. 
When  the  legs  are  forced  together 
as  they  would  be  wher  the  cap  is 
forced  down  over  the  element,  the 
legs  pivot  about  the  hinge  points 
and  the  fiber  channel  surfaces  on 
the  inside  of  each  leg  are  brought 
closer  together.  This  reduces  the 
cross  sectional  size  of  the  fiber 
alignment  channel.  The  flexure 
hinge  and  fiber  channel  size 
reduction  principles  are 
illustrated  in  Figure  7. 

The  ratio  of  the  distance  from 
the  flexure  pivot  to  the  fiber 
channel  surface  on  the  inside  of 
the  element,  and  the  flexure  pivot 
to  the  end  of  the  element  leg  is 
relatively  large.  This  results  in 
a  high  mechanical  advantage  in  the 
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leg  of  the  element  with  respect  to 
the  central  rib  and  opposing  element 
leg.  The  mechanical  advantage  is 
large  enough  to  create  relatively 
high  compression  loads  on  the  fibers 
when  they  are  inserted  in  the  channel 
and  the  element  legs  are  brought 
together . 

The  three  surfaces  comprising 
the  fiber  alignment  channel  in  the 
"V"  shaped  element  are  relatively 
soft  when  compared  to  the  fiber. 
These  surfaces  have  a  tensile  yield 
stress  of  between  4,000  and  8,000 
pounds  per  square  inch.  When  the 
legs  of  the  element  are  brought 
together  on  the  fiber  ends  in  the 
channel,  the  fibers  embed  themselves 
slightly  into  the  three  ductile 
surfaces  of  the  channel.  Since  the 
surfaces  are  acting  or  pressing  onto 
the  fibers  at  equal  angles  of  120  , 
The  fibers  embed  themselves 
approximately  equal  amounts  in  each 
surface . 

The  metallic  element  in  the  new 
splice  can  precisely  align  the 
geometric  centerlines  of  fibers  that 
have  been  inserted  into  it.  If  the 
cores  in  the  fibers  are  relatively 
concentric  to  their  cladding  outside 
diameters,  then  the  cores  will  also 
be  brought  into  alignment  within  the 
element. Testing  of  the  new  splice  on 
current  fiber  indicates  that  actual 
tolerances  on  core  to  cladding 
concentricity  are  very  small.  Thus, 
alignment  of  the  fiber  cladding 
centers  in  the  new  splice  does  align 
the  cores  sufficientiy  to  provide 
insertions  .Loss  below  ,2db  without 
tuning  in  most  cases. 

The  new  splice  also  has  the 
capability  to  align  fibers  which  have 
slightly  different  cladding 
diameters.  This  situation  is 
illustrated  in  Figure  8.  Each  fiber 
embeds  itself  into  the  three  surfaces 
in  the  alignment  channel  when  the 
element  is  closed  by  the  cap.  If  the 
pair  of  fibers  in  the  splice  are 
different  diameters,  the  smaller 
fiber  will  embed  itself  less  deeply 
in  the  channel  walls  and  the  larger 
fiber  more  deeply. 

Since  each  fiber  is  embedded 
uniformly  into  the  channel  walls,  the 
two  differing  diameter  fibers  will 
still  be  aligned.  It  is  believed 
that  the  ^ype  of  active  fiber 


alignment  achieved  within  the  new 
splice  is  the  most  precise  of  any 
non-tuned  system  available  today. 

The  new  splice's  high  fiber 
retention  capabilities  are  achieved 
by  a  combination  of  1)  the  contact 
area  between  the  fiber  and  the 
channel  walls,  and  2)  the  energy 
that  is  elastically  stored  in  the 
element  legs.  When  the  legs  of  the 
splice  element  are  forced  together 
by  the  cam  surface  inside  the  cap, 
bending  stresses  are  generated  in 
the  element  legs  These  stresses 
are  below  the  elastic  limit  of  the 
element  material  in  the  legs.  This 
causes  the  legs  of  “he  element,  and 
to  some  extent  the  plastic  case, 
act  like  springs  which  maintain 
the  compressive  load  on  the  fibers 
in  the  element  channel. 

In  order  to  achieve  low 
insertion  loss  in  the  new  splice, 
the  fiber  center  lines  must  be 
brought  into  alignment.  This  is 
accomplished  by  the  geometry  and 
function  of  the  metallic  element. 
An  additional  requirement  for  low 
splice  loss  is  that  the  cleaved 
fiber  end  faces  must  be  brought 
into  contact  and  held  it.  contact 
when  the  element  is  clamped  onto 
the  fibers.  Fiber  end  cor.  tact 
inside  the  splice  occurs  as  a 
result  of  the  normal  splice 
installation  procedure  which  will 
be  described  next. 

Spl ice  Instal  lation  Procedure 

The  following  procedure  is 
used  to  assemble  the  new  splice  and 
results  in  the  fiber  end  faces 
being  in  contact  when  the  splice 
cap  is  actuated.  With  practice, 
the  splice  assembly  portion  of  this 
procedure  can  be  completed  in  30 
seconds . 

1)  Place  splice  in  holder  in 
assembly  too!  shown  in  Figure  4. 

2 )  Ctrip  and  cleave  first 
fiber  to  desired  length.  (250um 
plastic  coated  fiber  is  stripped  to 
12.5  mm  and  900um  plastic  coated 
fiber  is  stripped  to  14.0  mm.  ) 

3)  Position  plastic  coat i no 
portion  of  first  fiber  in  foam 
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A  number  of  tests  have  been 
conducted  on  the  new  splice  to  verify 
its  overall  performance.  These  tests 
have  included  temperature  cycling, 
tensile  load  retention,  insertion 
loss,  water  immersion,  vibration,  and 
back  reflection.  The  results  of  this 
testing  to  date  is  summarized  in 
Figure  8. 
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abstract 


A  new  riber  optic  mechanical  splice  has  been  designed  for  use  in  the  undersea  cable 
joint  environment  When  used  to  join  single  mode  fibers  made  to  tight  geometric 
requirements,  it  provides  a  low  loss  connection  between  two  fibers  without  the  aid  of 
an  optical  test  set  to  improve  alignment.  If  used  with  a  test  set.  losses  are  typically 
reduced  to  negligible  values.  The  design  of  this  splicing  system  ts  based  on  a  widely 
used,  highly  reliable  splice  used  in  terrestrial  fiber  applications.  The  undersea  splices 
described  in  this  paper  are  designed  to  be  incorporated  inside  a  joint  box.  a  device  that 
enables  one  to  join  two  muJd-fiber  high-strength  cables.  Materials  were  chosen  to 
provide  high  reliability  in  the  joint  environment  that  includes  surviving  ihe  high 
temperature  of  a  splicebox  overmolding  process.  In  this  process,  molten  polyethylene 
is  injected  into  a  mold  surrounding  the  splicebox  and  cooled,  isolating  ihe  high  voltage 
current  carrying  joint  and  attached  cables  from  the  sea.  Later,  the  splice  can  exoenence 
cyclic  temperature  swings  while  the  cable  resides  in  storage  warehouses  on  land.  It  is 
exposed  to  shock  and  vibration  during  loading  on  a  cable  ship,  transportation  to  the 
deployment  sue.  and  finally  during  cable  laying  in  the  ocean.  After  these  stressful 
events,  the  splice  is  to  remain  in  continuous  service  for  25  years.  Twenty  five  year 
rei  ability  assurance  has  been  based  on  (I)  extensive  data  gathered  on  its  widely  used 
terrestrial  counterpart.  i2)  ensuring  that  those  components  in  the  terrestrial  splice  that 
were  replaced  for  the  undersea  splice  design  were  equal  to  or  more  rugged  than  those 
of  the  terrestrial  version.  i3>  modeling  and  tesong  individual  critical  components  and 
Ul  assembling  and  successfully  age  testing  many  splices  subject  to  extreme  stress,  at 
levels  far  greater  than  those  expected  for  service.  The  device  has  been  used  during 
repair  and  integration  operations  in  commercial  deep  water  light  guide  systems, 
demonstrating  feasibility  of  reliably  assembling  the  splices  on  a  cable  ship  and 
durability  m  the  ocean  environment. 


I.  Background 

Fiber  splices  can  be  subdivided  into  two 
categories: 

1.  splices  that  are  incorporated  into 
cables  and  other  potentially  high 
strain  applications 

2.  those  that  are  included  in  cable 
joints,  repeaters,  etc.,  that  experi¬ 
ence  low  mechanical  strain  during 
service 

The  first  category  usually  implies  that 
the  splice  must  be  similar  in  appearance 
and  physical  properties  to  unspliced 
fiber.  The  second  has  fewer  geometric 
constraints,  which  usually  implies  that 
its  cross  sectional  area  can  be  far  larger 
than  that  of  the  adjoining  fibers. 


Tradirionally,  fiber  optic  undersea  cable 
systems  have  used  arc  or  flame  fusion 
splicing  technology  to  join  fibers. 
Fusion  techniques  have  been  applied  to 
fibers  drawn  from  different  preforms  to 
make  system  length  spans  before  cabling 
as  well  as  joining  the  fibers  from  cable 
spans  to  their  counterparts  emanating 
from  repeaters.  As  undersea  systems 
were  put  in  service,  fusion  fiber  splicing 
was  introduced  to  the  shipboard  environ¬ 
ment.  High  strength  flame  fusion  splic¬ 
ing  1  a  technique  that  produces  splices 
with  the  same  mechanical  characteris¬ 
tics,  and  made  of  the  same  materials  as 
an  unspliced  section  of  fiber,  did  not 
require  any  lifetime  prediction  studies 
beyond  the  formidable  problems  associ¬ 
ated  with  predicting  the  life  of  continu¬ 
ous  fibers  in  undersea  cables.  However, 
mechanical  non-fusion  splices,  and  low 
strength  fusion  splices  reinforced  by 
mechanical  splints,  require  another  set  of 
analyses  and  tests  if  they  are  to  be  com¬ 
mitted  to  25  year  service.  Typically, 
these  types  of  splices  represent  major 
changes  in  mass  and  bending  stiffness 
compared  to  the  virgin  fibers  that  they 
adjoin;  moreover,  they  include  additional 
materials  that  may  experience  degrade 
tion  and  displacement,  or  adversely  react 
with  each  other  and  the  materials  in  the 
splicebox,  as  a  result  of  the  previously 
mentioned  polyethylene  molding  cycle, 
shock  and  vibration,  or  the  splicebox 
environment  when  resting  on  the  seabot- 
tom.  Analysis  of  the  fiber  strain  relief, 
splice  mounting  system,  and  the  effect 
on  the  adjacent  fiber,  while  experiencing 
mechanical  shock  and  during  long-term 
service,  must  be  considered.  If  improp¬ 
erly  designed,  these  components  could 
induce  stress  in  the  fibers  causing  latent 
fiber  failures.  However,  experience  with 
the  widely  used  AT&T  connectorized 
splices  used  in  land  systems  showed  that 
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well  designed  splices  were  reliable  and 
could  be  assembled  under  harsh  condi¬ 
tions  such  as  those  in  terrestrial 
I  manholes.  Unlike  fusion  splicing,  this 

technology  relies  on  simple,  inexpensive, 
rugged  equipment;  the  resultant  good 
performance  does  not  require  a  vibration 
isolated,  quasi-cleanroom  environment 
on  a  cable  ship. 

It  was  decided,  therefore,  that  a  non¬ 
fusion  splice  would  be  suitable  when 
jointing  cables  at  sea,  since  they  are 
easy  to  assemble  and  they  would  be 
stored  in  a  low  strain  configuration 
inside  a  splicebox.  The  first  phase  of 
the  development  effort  was  directed  at 
developing  the  splice  and  its  assembly 
procedures  for  the  undersea  application; 
the  remaining  efforts  were  devoted  to 
demonstrating  the  overall  reliability  of 
the  product,  and  its  suitability  to  under¬ 
sea  construction  and  repair  applications. 

2.  Splice  Design 

A  drawing  of  the  undersea  splice  is 
shown  in  Figure  1.  In  deep  ocean,  the 
splicebox  environmental  conditions  are 
mostly  static  with  temperature  ranging 
from  1C  to  4C  and  moderate  relative 
humidity.  Assembly  and  storage  condi¬ 
tions  are  much  more  variable.  For 
instance,  the  undersea  splicebox  is  over¬ 
molded  with  polyethylene  before  it  is 
deployed  in  the  ocean  and  this  causes 
the  internal  temperature  to  be  much 
higher  than  normal  for  about  one  hour. 
Although  a  typical  joint  requires  a  single 
molding  operation,  three  consecutive 
overmolding  cycles  were  imposed  on  the 
splices  in  the  tests,  as  shown  in  Figure 
2,  to  account  for  the  unlikely  possibility 
of  having  to  remold  a  joint.  All  splice 
materials  must  remain  adequately  stable 
for  this  time  period.  When  a  cable  sys¬ 
tem  is  in  storage,  temperatures  can  vary 
from  -20C  (-4F)  to  40C  (104F).  These 
restrictions  require  adhesives  and  other 
mechanical  pans  that  are  dimensionally 
and  chemically  stable  when  repeatedly 
exposed  to  high  temperature. 

The  general  design  is  almost  exactly  the 
one  used  for  a  previously  developed 
rotary  mechanical  splice  that  is  used  for 
land  based  systems.1^  Tests  were  made 
to  see  that  the  splice  worked  well  at  the 


assembly,  storage,  and  service  conditions 
stated  above  and  all  reliability  tests  were 
performed  on  samples  that  were  exposed 
to  multiple  simulated  assembly  condi¬ 
tions  as  shown  in  Figure  2.  The  design 
changes  required  to  transform  the  terres¬ 
trial  rotary  splice  into  its  undersea  coun¬ 
terpart  included:  replacement  of  the 
relatively  low  temperature  material  used 
in  the  terrestrial  splice  ferrule  housing 
with  a  high  temperature  material, 
replacement  of  the  relatively  low  glass 
transition  temperature  UV  cured 
adhesive  used  in  the  terrestrial  splice 
with  a  heat  curable  high  glass  transition 
temperature  adhesive,  and  replacement 
of  the  buffer  tubes/fiber  strain  reliefs 
with  high  temperature  resistant  substi¬ 
tutes.  The  main  reason  for  these 
changes  was  to  increase  the  splice’s 
tolerance  to  the  high  temperature  that  it 
would  experience  during  splicebox  over¬ 
molding. 


i.  Reliability  Assessment 

Field  service  and  laboratory  stress  tests 
of  the  terrestrial  mechanical  splice  have 
shown  no  degradation  mechanism  nor 
failure  mode.  It  has  been  in  commercial 
service  for  more  than  three  years,  there 
are  about  750.000  terrestrial  splices  in 
service,  and  there  have  been  no  failures 
after  successful  installation.  Assuming  a 
constant  failure  rate,  we  can  statistically 
infer  with  high  confidence  that  the  ter¬ 
restrial  splice  has  a  FIT  rate  (number  of 
failures  in  109  hours)  of  less  than  1. 
The  design  philosophy  behind  the  under¬ 
sea  splice  was  to  build  on  this  highly 
reliable  foundation  by  increasing  its 
robustness  to  protect  it  against  failure 
modes  that  may  be  experienced  in  the 
undersea  environment.  Since  there  are 
only  minor  material  differences  between 
the  terrestrial  splice  and  the  undersea 
version,  and  those  differences  were  care¬ 
fully  designed  to  increase  reliability,  the 
undersea  splice  is  projected  to  be  at  least 
as  reliable  as  the  terrestrial  splice. 

To  check  the  validity  of  these  assump¬ 
tions,  we  have  performed  a  battery  of 
highly  stressful  tests  to  ensure  that  we 
did  not  introduce  any  failure  modes  into 
the  product  during  the  redesign  process. 
The  following  sections  describe  these 
tests. 


International  Wire  &  Cable  Symposium  Proceedings  1988  563 


3.1  Aging  Studies  in  the  Laboratory 

150  undersea  mechanical  splices  were 
assembled  and  exposed  three  times  to 
the  thermal  eye’e  experienced  during  the 
polyethylene  overmolding  of  the  under¬ 
sea  splice  enclosure  (Figure  2). 

The  assembled  losses  for  the  splices  in 
the  lifetest  are  displayed  in  Table  1. 
These  splices  were  assembled  without 
any  optical  testing  or  monitoring  equip¬ 
ment  since  we  were  interested  in  the 
loss  and  stability  of  splices  obtained 
without  active  alignment.  Typical 
attenuation  values  when  using  optical 
monitoring  equipment  are  less  than  0.05 
dB  average  loss  and  a  standard  deviation 
of  0.05  dB.  All  splice  losses  reported  in 
this  paper  are  for  splicing  singlemode 
fibers  drawn  from  different  preforms. 

This  exercise  was  designed  to  simulate 
the  worst  case  splicebox  assembly  con¬ 
ditions  during  which  multiple  attempts 
are  made  to  overmold  the  splicebox  with 
polyethylene.  Typical  loss  changes  dur¬ 
ing  the  overmold  process  are  shown  in 
Table  2.  As  can  be  observed,  there  are 
minor  changes  in  loss  during  the  over¬ 
mold  cycle,  and  the  result  is  usually  a 
net  reduction  of  loss. 

The  purpose  of  the  lifetest  was  to  detect 
thermally  accelerated  aging  mechanisms. 
These  150  splices  were  divided  up  into 
three  separate  connected  chains  of  50 
splices.  All  chains  were  immersed  in 
distilled  water  (a  humidity  environment 
much  more  severe  than  expected  even 
under  worst-case  service  conditions),  but 
each  at  a  different  constant  temperature. 
One  was  maintained  near  0C,  another  at 
room  temperature,  and  the  last  at  40C. 
The  optical  loss  of  the  chains  was  meas¬ 
ured  at  1.31  microns  several  times  per 
month  for  300  days.  The  tests  continue. 

Histories  of  the  measurement  results  are 
shown  in  Figures  3,  4  and  5.  The 
curves  show  the  optical  loss  of  the 
splices  over  time  indicating  the  mechani¬ 
cal  stability  of  the  design.  The  results 
of  the  aging  program  suggest  no  ther¬ 
mally  accelerated  aging  mechanism  in 
the  splices. 

3.2  Shock  and  Vibration  Testing 

The  undersea  mechanical  splice  was 
subjected  to  the  same  shock  and 


vibration  test  requirements  that  undersea 
repeater  components  must  withstand. 
The  specifications  of  this  test  are  below: 


vibration  Test  Specification 

Frequency  (Hz)  Acceleration  Octaves/min. 
5-11  0.5  in.  disp.  NA 

11-500  3Gs  0.1 

500-1000  1G  0.25 


Shock  Test  Specification 

5  shocks,  100  Gs  x  6  ms,  sawtooth 


All  tests  were  performed  on  three  axes. 

Again,  to  ensure  realism,  the  splices 
under  test  were  subjected  to  the  thermal 
effects  of  three  simulated  splicebox 
polyethylene  overmolding  cycles.  None 
of  the  splices  failed  during  these  tests. 
Loss  changes  were  small  or  non-existent. 
The  repeater  shock  and  vibration 
specification  is  designed  to  be  a  conser¬ 
vative  test  of  discrete  components  in  a 
cable  system. 

33  Index  Gel  Studies 

A  thermally  cured  index  matching  gel  is 
applied  between  the  abutted  fiber  ends  to 
minimize  optical  loss  and  reflections. 
Special  care  was  taken  to  ensure  this 
material  would  not  fail  or  degrade 
significantly  over  the  life  of  the  cable 
system. 

3.3.1  Catalysis  Inhibition  The  index 
gel  is  a  two  pan  RTV  silicone  material 
made  of  component  pans  that  must  be 
mixed  together,  applied  between  the 
faces  of  the  adjoining  fibers  in  the 
splice,  and  then  cured  by  heating.  The 
cunr.g  of  the  material  can  theoretically 
be  poisoned  by  the  presence  of 
hydroxyls,  carboxylic  acid  groups,  sul- 
fanates,  amines,  and  unsaturated  organic 
groups. 
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Glass  slides  were  treated  with  the  fol¬ 
lowing: 

1.  1,1,1  Trichloroethane 

2.  Acetone 

3.  1,2  Dichloromethane  (Methylene 
Chloride) 

4.  Dichlorodifluoromethane  (Freon) 

5.  Methyl  Alcohol 

6.  Ethyl  Alcohol  (denatured) 

7.  Sulfuric  Acid  (aq),  dilute 

The  slides  were  allowed  to  air  dry  and 
then  mixed  gel  was  applied  and  ther¬ 
mally  cured.  The  results  showed  that 
the  residues  of  these  chemicals  are  not 
harmful  and  there  would  be  no  inhibi¬ 
tion  to  cure  as  long  as  the  surfaces  were 
dry. 

3.3.2  Water  absorption  Another  study 
tested  the  optical  transmissivity  of  the 
gel  on  a  continuous  optical  spectrum 
starting  below  1.31  and  extending  above 
1.55  microns  optical  wavelength.  The 
thin  layer  gel  samples  were  exposed  to 
high  heat  and  humidity.  The  results 
showed  no  increase  in  loss  at  1.31  or 
1.55  micron  wavelengths.  The  loss  did 
increase  at  1.24,  1.39,  and  1.65  micron 
wavelengths  indicating  an  absorption  of 
water.  These  effects  disappeared  when 
the  material  was  placed  in  a  dry 
environment  showing  that  the  water 
absorption  is  reversible.  The  conclusions 
are  that  heat  and  humidity  do  not  detect- 
ably  age  or  affect  the  chemical  composi¬ 
tion  of  the  gel,  the  gel  absorbs  and 
releases  water  in  a  reversible  way,  and 
the  absorbed  water  within  the  gel  layer 
does  not  produce  detectable  optical 
transmission  degradation  at  1.31  or  1.55 
micron  optical  wavelength  regions. 

3.3.3  Darkening  Owing  to  Optica 1 
Radiation  The  gel  has  been  exposed  to 
60,000  rads  of  gamma  radiation  at  200 
rads/sec  and  suffered  no  measurable 
change  of  loss.  The  expected  radiation 
dosage  over  the  25  year  service  life  is 
typically  on  the  order  of  a  few  radsJ3' 
Terrestrial  rotary  splices  using  this  type 
of  gel  material  have  been  transmitting 
infrared  optical  energy  for  as  long  as 
three  years  with  no  measurable  increase 
in  loss.  The  same  is  also  true  of  multi¬ 


ple  fiber  array  splices  that  have  been  in 
service  for  more  than  five  years.  We 
judge  that  it  is  not  likely  the  material 
will  significantly  darken  owing  to  pho¬ 
ton  transmission. 

33.4  Bubble  Support  Deliberate 
attempts  were  made  to  whip  up  the  gel 
with  vigorous  stirring  during  mixing  of 
the  component  parts  before  use.  The 
aerated  gel  was  then  applied  to  a  splice 
and  loss  was  monitored  while  heating 
the  splice.  Excess  loss  was  less  than  0.1 
dB  and  this  eventually  disappeared.  The 
material  does  not  support  bubbles  well 
and  introducing  bubbles  of  optical 
significance  owing  to  mispreparation  of 
the  material  is  not  likely. 

3.4  Potential  Adverse  Material  Interac¬ 
tions 

The  properties  of  the  materials  used  in 
the  splice  were  investigated  to  see  if 
there  would  be  some  significantly  harm¬ 
ful  chemical  reaction  within  the  splice  or 
between  the  splice  and  the  materials  in 
the  splicebox.  The  most  likely  possibil¬ 
ity  was  judged  to  be  stress  corrosion 
cracking  of  the  BeCu  alignment  sleeve 
in  the  presence  of  secondary  and  tertiary 
amines  in  the  hardeners  of  the  adhesives. 
This  would  only  occur  if  a  craftsperson 
did  not  properly  mix  the  adhesive  and 
the  adhesive  did  not  thoroughly  cure. 
High  temperature  and  high  humidity 
tests  of  samples  of  the  alignment  sleeves 
in  the  presence  of  the  pure  hardener 
while  under  mechanical  stress  greater 
than  service  stress  showed  no  signs  of 
stress  corrosion. 

It  was  also  noted  that  the  alignment 
sleeve  was  resistant  to  stress  relaxation 
even  at  temperatures  higher  than  service 
conditions.  Relaxation  of  the  sleeve 
after  25  years  under  cable  storage  and 
service  conditions  is  predicted  to  be  well 
within  acceptable  limits. 
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4.  Field  Experience 


Field  experience  has  been  favorable  in 
terms  of  its  compatibility  with  the  ship¬ 
board  installation  environment  and  its 
optical  performance.  The  device  has 
been  used  to  install  a  new  repeatered 
cable  span  in  the  Optican  I  system  dur¬ 
ing  1987  (which  links  two  of  the  Canary 
Islands),  installation  of  the  TAT-8  shore 
sections  and  deep  water  sections  during 
1987  and  1988  respectively,  and  installa¬ 
tion  of  a  repeaterless  inter- island  link  off 
the  coast  of  Taiwan  in  1988.  No 
failures  have  been  observed  after  proper 
installation.  Yield  —  the  number  of 
splice  attempts  that  do  not  have  to  be 
remade  before  closing  the  splicebox 
owing  to  failing  the  inspection  criteria 
—  is  nearly  100%. 

5.  Conclusion 

A  mechanical  splice  was  developed  tor 
use  in  undersea  cable  systems.  It  has 
been  tested  extensively  and  found  to  be 
reliable.  Shipboard  use  has  shown  it  to 
be  a  cost  saver  in  terms  of  crew  training 
compared  to  flame  fusion  splicing 
Assembled  transmission  systems  have 
been  working  well  after  almost  a  year  of 
service.  No  special  requirements  were 
needed  to  modify  the  shipboard  environ¬ 
ment  for  splicing,  making  this  splice  a 
practical  device  for  at-sea  jointing  opera¬ 
tions. 
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TABLE  1 

TAHI.K  or  ASSEMBLE!)  SPI.IC K  LOSSES 


Total  Splice  Loss 

No.  of  Splices 

Loss  per  Split  e 

Rntarji  Sift  1 

7 .2a  dfl 

Ml 

0.14  dB 

Rotary  Svt  2 

8.9S  dB 

Ml 

11  IH  dB 

Rotary  Set  .1 

12  99  dB 

Ml 

dB 

JABIE  2 


LOSS  CHANCES  AFTER  OVERMOLDIN G  CYCLES 


L‘»is  t  :h»ii|tT 

No.  of  Splices 

Rut  ary  Set  1 

11.13  dB 

Ml 

Rotary  S.-l  2 

1.114  dB 

Ml 
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1.40  dB 
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Summary. 

A  new  technique  is  reported  for  the 
minimization  of  splice  loss  between  dis¬ 
persion-optimized  single-mode  fibers  and 
conventional  single-mode  fibers.  These 
low-loss  splices  will  be  important  for  fu¬ 
ture  dispersion-optimized  optical  fiber 
networks.  For  example,  a  loss  reduction 
from  0.8  dB  to  0.1  dB  was  achieved  by 
slightly  tapering  the  splice  region.  The 
measured  splice  losses  are  in  good  agree¬ 
ment  with  our  calculations.  The  method  of 
splice-loss  minimization  was  applied  to 
splices  between  dispersion-flattened,  dis¬ 
persion-shifted,  matched-cladding  and  de¬ 
pressed-cladding  single-mode  fibers.  The 
diameter  of  the  slightly  tapered  splices 
is  sufficiently  large  for  the  splices  to 
be  mechanically  stable  and  independent  of 
the  environment,  i.e.:  the  embedding 
medium.  The  simplicity  of  the  splice¬ 
tapering  technique  suggests  tapering  the 
splices  in  a  modified  fusion  splicer. 


Introduction. 


For  future  optical  communication  net¬ 
works  consisting  of  dispersion-flattened 
single-mode  fibers  (DFSM-f ibers)  and  com¬ 
ponents  with  standard  single-mode  pig¬ 
tails,  such  as  lasers  and  couplers,  low- 
loss  splices  between  these  different 
fibers  are  required.  Splices  between  these 
dissimilar  fibers  cause  high  splice 
losses  because  of  different  mode  field 
diameters1  which  are  2w0  =6.3  pm  for  the 

DFSM-f iber  and  2w0  =  9.9  pm  for  the 

standard  matched-cladding  single-mode 
fiber  (MCSM-fiber)  at  the  1.3  pm  wave¬ 
length  that  we  used  for  our  study.  We 
devised  a  new  technique  of  field  matching 
to  reduce  the  splice  loss  between  DFSM- 
and  standard  MCSM-fibers  by  slightly 
tapering  the  splice  region1  .  In  this  con¬ 
tribution  we  expand  our  investigations  to 
splices  of  selected  fiber  combinations. 
The  field  matching  is  based  on  the  unlike 
behavior  of  the  mode  field  parameters  of 
different  fibers  during  tapering.  For 
example:  by  tapering  a  DFSM-f iber,  the 
mode  field  expands  rapidly  in  contrast  to 
a  standard  single-mode  fiber,  where  the 


mode  field  decreases  initially  and,  with 
further  tapering,  increases  less  than  the 
mode  field  of  the  DFSM-fiber.  Thus,  opti¬ 
mum  field  matching  and  low  splice  losses 
between  different  fibers  can  be  obtained. 
The  matched  mode  fields  are  still  core- 
guided  in  contrast  to  the  method  of  Morti- 
more  et  al.3.  Therefore,  the  matched 
splices  are  mechanically  stable  and  insen¬ 
sitive  to  the  environment,  i.e.:  the 
embedding  medium.  The  field  matching  can 
be  performed  in  a  modified  commercial 
fusion  splicer.  The  influence  of  dopant 
diffusion  in  the  splice  region4  as  a 
function  of  the  tapering  parameters  will 
be  discussed. 

Splicing  strategy:  General  considerations. 

Two  fibers  with  different  index  profiles 
are  joined  by  a  fusion  splice.  Tapering 
the  joint  reduces  the  diameter  of  the 
splice  junction,  as  shown  in  Fig.l.  The 
resulting  tapers  can  be  characterized  by 
the  taper  ratio  TR  =  a  /a0  =  x<  1,  wherein 

at  is  the  radius  of  tne  tapered  fiber  and 
a,  that  of  the  untapered  fiber.  These 
tapers  act  as  mode  transformers.  The  taper 
ratio  can  be  chosen  so  that  the  core  guid¬ 
ance  is  maintained  and  so  that  a  minimum 
of  loss  results  at  the  junction  between 
the  fibers.  Thus,  the  surrounding  medium 
has  no  influence  on  the  mode  fields.  To 
illustrate  the  operation  of  the  tapered 
splice  one  may  consider  the  Petermann  spot 
size  parameter  w0  at  the  splice  junction 
as  a  function  of  TR.  The  spot  size  w0  of  a 
MCSM-f iber , for  example,  decreases  slightly 
with  decreasing  fiber  diameters  until  TR  = 
0.85,  while  w„  of  a  DFSM-fiber  shows  an 
increase3.  Therefore,  field  matching  is 
possible  through  a  suitable  choice  of  TR. 

The  splice  loss  is  influenced  by 
refractive-index  profile  diffusion:  by  an- 
r'aling  the  splice,  first  the  refractive 
index  profiles  of  the  fibers  will  be 
smoothed  by  diffusion.  We  calculated  in 
our  example  the  reduced  splice  loss  for 
smoothed  refractive-index  profile  A  (MCSM) 
of  the  MCSM-f  iber  and  A  (DFSM)  of  the 
DFSM-fiber  in  accordance  with  the  dopant 
concentrations  mentioned  in  4  (Fig.  2). 
Secondly,  further  annealing  leads  to  a 


International  Wire  &  Cable  Symposium  Proceedings  1988  569 


I 


diffusion  process  between  both  fibers, 
resulting  in  a  cotrimor.  ref  rac  t  ive-index 
profile  Ac  in  the  central  region  of  the 
splice  (Fig.  1).  For  a  splice  between 
DFSM-fiber  and  MCSM-fiber  this  leads  to 
additional  field  matching.  Taking  into 
account  the  diffusion  processes,  the 
minimal  splice  loss  of  0.11  aB  at  the 
1.3  pm  wavelength  is  obtained  for  TR  = 
0.62  (Fig .  2 )  . 

The  splice-loss  reduction  of  an 
untapered  splice  caused  by  profile¬ 
smoothing  is  approximately  equal  for  both 
the  1.55  and  1.3  pm  wavelengths.  However, 
the  influence  of  the  common  refractive- 
index  profile  is  less  effective  at  1.55  pm 
(see  Table  1).  The  minimal  splice  loss  at 
1.55  pm  is  0.15  dB  for  TR  =  0.75.  Thus,  by 
a  suitable  choice  of  TR  the  splice  loss 
can  be  reduced  for  broad-band  application. 

To  compare  the  exact  values  of  the 
well-known  overlap  integrals  of  the  mode 
fields5  with  an  approximation  made  by 
assuming  that  the  field  distribution  is 
Gaussian  and  neglecting  the  diffusion 
processes  (Fig.  2),  we  calculated  the 
splice  loss  for  Gaussian  fields  with  the 
spot  size  w0.  Therefore,  if  Gaussian  field 
distribution  is  assumed,  the  splice  loss 
at  1.3  pm  would  disappear  for  TR  =  0.70 
because  the  spot  sizes  are  equal.  However, 
the  exact  splice  loss  reveals  a  finite 
minimum. 

Practical  results. 

All  untapered  splices  were  prepared 
using  conventional  splicing  equipment. 

Optimum  splicing  parameters  were  the  same 
as  for  splices  between  conventional  MCSM- 
fibers  (fusion  time:  1.8  s) .  The 

measurement  equipment  is  shown  in  Fig,  3. 
The  laser  beam  was  launched  into  a 
dispersion-optimized  fiber  (i.e.:  DFSM- 
fiber  or  dispersion-shifted  single-mode 

fiber  (DSSK-f iber) )  of  2  km  length, 
spliced  to  a  MCSM-fiber  of  minimum  5  m 
length.  These  x  iber  lengths  are 
sufficiently  long  to  suppress  higher-order 
modes . 

Following  splice  loss  measurement  of 
the  untapered  splices,  the  splices  were 
clamped  to  a  motorized,  computer- 

controlled  jig.  The  laser  and  receiver 
units  remained  fixed.  The  splice  reqion 
was  then  heated  with  an  oxybutane  micro¬ 
torch  and  tapered  symmetrically  by  moving 
the  jigs.  The  transmitted  light  power  was 
recorded  vs.  the  taper  length. 

Splice  between  DFSM  fibers. 

A  histogram  of  splice  losses  between 
identical  DFSM-fibers  is  shown  in  Fig.  4. 
The  splice  losses  at  the  1.55  pm  wave¬ 


length  showed  a  similar  behavior.  These 
results  prove  that,  in  spite  e:  tit-  small 
spot  size  of  DFS.’-:-f  ifcei s,  1  c-w-l  ost  ('.r-n.  r> 
splices  between  DFSK-1  ir.<  is  tar.  c  n 
obtained . 

Splice  between  CFSM-  ar.d  MCS*  -  f  it  er  r  . 

The  sp'lice  losses  at  1.3  pm  are  shown 
in  the  histogram  of  Fig.  5.  The  mc-ari 
untapered  splice  loss  cf  0.8  dB  is  in  good 
agreement  with  the  calculated  value  of 
0.83  dB  for  butt-jcir.t  splices  (Table  1). 
The  transmitted  light  power  vs.  taper 
length  is  given  in  Fic.  5.  We  achieved  a 
minimum  splice-  loss  of  about  0.1  d£  which 
is  in.  good  agreement  with  the  calculated 
splice  loss,  assuming  a  common  refractive- 
index  profile-  caused  by  diffusiun.  Tre 
mean  splice  loss  at  3.55  pm  was  0.6  aE 
before  and  0.2  dB  after  tapering.  Our 
splice  losses  are  lower  than  those 
reported  by  Zell  et  al.4,  wherein  only 
heating  of  the  splice  region  was  used  to 
reduce  the  splice  loss. 

Splice  between  DSSM- 'and  MCSM-fibers. 

Ke  calculated  the  splice  loss  between 
a  commercially  available  dispersion- 
shifted  single-mode  fiber  and  a  standard 
MCSM-fiber  at  the  1.55  pm-  wavelength.  The 
results  are  shewn  in  Fic.  6.  For  a  butt- 
joint  splice  the  splice  loss  is  0.25  aB 
for  TR  =  1.0  and  for  an  optimum  taper 

ratio  of  TR  =  0.56,  the  splice  loss 
(without  diffusion)  is  0.C1  dB.  Fig.  7 
shows  the  mode  field  radii  of  the  DSSM- 
and  MCSM-fibers  vs.  taper  ratio.  The  field 
distributions  of  both  fibers  are  shown  ir. 
Fig.  8.  With  optimum;  tapering  the  splice 
loss  is  0.06  aB  when  a  diffusion-smoothed 
refractive  index  profile  is  assumed,  and 
0.1  dB  when  a  diffusion-caused  common 
refractive  index  profile  is  assumed.  This 
means  that  in  the  case  of  MCSM/DSSM 
splices  the  profile  diffusion  raises  the 
splice  loss. 

Fig.  9  shows  an  example  of  DSSM/MCSM 
splice  loss  change  during  tapering 
together  with  histograms  for  the  initial 
and  final  values  of  our  tapering 

experiments  at  1.55  pm.  The  mean  splice 
loss  before  tapering  is  about  0.4  dB, 

which  is  higher  than  the  expected  0.25  dB 
theoretical  value.  The  splice  loss 

increases  to  about  C.6  dB  as  the  fiber  is 
heated  and  before  the  taper  process  is 
started.  It  then  decreases  to  0.1  dB  (mean 
value:  0.15  aB)  during  tapering.  This  last 
value  is  in  good  agreement  with  theory, 
although  our  theoretical  model  does  not 
explain  the  initial  increase.  Fig.  10 

shows  a  photograph  of  a  tapered  splice  and 
a  histogram  of  the  taper  ratios  which 
yielded  minimum  splice  loss  values.  They 
are  between  TR  =  0.6  and  0.7,  as  theo- 
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retically  expected  for  diffusion-caused 
common  refractive  index  profiles. 

Splice  between  DSSM-and  depressed-cladding 
SM-f ibers. 

We  calculated  the  splice  losses  between 
a  DSSM-fiber  and  a  depressed-cladding 
single-mode  (DCSM)  fiber  for  the  1.55  pm 
wavelength.  The  spot  sizes  w0  are  g'ven  in 
Fig.  11.  The  splice  losses  are  shown  in 
Fig.  12.  With  the  exception  of  the  lower 
loss  of  an  untapered  butt  joint  splice, 
the  overall  picture  of  the  values  listed 
in  the  fable  is  the  same  as  for  MCSM/DSSM 
splices. 

Splice  between  MCSM-  and  DCSM-fibers. 

We  calculated  the  loss  for  a  splice 
between  a  MCSM-fiber  and  a  DCSM-fiber, 
assuming  worst-case  field  diameters  of 
2w0=  11  pm  (MCj  j  SM-fiber)  and  2w0=  8  pm 
(DC,  SM-fiberf1,  respectively,  for  the 
1.3  ^pm  wavelength.  In  this  case,  the 
minimum  splice  loss  is  achieved  for  an 
untapered  splice  with  a  region  of 
diffusion-caused  common  retractive  index 
profile.  The  splice  loss  of  this  fiber 
combination  can  be  reduced  for  the  1.3  pm 
and  1.55  pm  vavelenghts  from  0.5  dB  to 
0.3  dB  simply  by  annealing  the  splice 
region  without  tapering  the  splice  (see 
Table  1) . 


Conclusion. 

|  We  have  shown  that  splice  losses 

between  different  fibers  can  be  reduced 
signif icantly  through  slight  tapering  of 
the  splice  region.  The  simple  handling 
suggests  that  the  tapering  operation  can 
be  accomplished  through  modification  of  a 
conventional  splicer.  Our  initial  experi- 
.  ence  with  a  semi-automatic  splicer, 

|  wherein  le  manually  moved  the  clamps  apart 

while  maintaining  the  arc,  showed  good 
results.  The  outer  diameters  cf  the 
slightly  tapered  splices  are  still 
sufficiently  large  so  that  the  matched 
splices  can  be  handled  like  conventional 
spl ices  (Fig .  10 ) . 

®  Our  studies  show  that  in  transmission 

lines  using  dispersion-optimized  fibers, 
i.e.:  PFSM-  or  DSSM-fibers,  conventional 
single-mode  components  can  be  used.  The 
anticipated  high  splice  losses  between 
these  fibers  with  large  and  small  spot 
sizes  can  be  avoided  through  our  splice- 
I  tapering  technique.  Fig.  13  shows  the 

example  of  a  dual-wavelength  DFSM-fiber 
transmission  line  using  standard  SM- 
pigtailed  lasers,  standard  SM-fiber  WDMs 
and  standard  SM-fiber  repair  patches.  We 
eissumed  10  repair  patches  along  the  30-km. 
DFSM-fiber  line.  Instead  cf  an  expected 
cumulative  17.6  dB  splice  loss  using 
|  untapered  splices,  we  obtained  a  low  value 

of  3.5  dB  (at  1.3  and  1.55  pm)  by  taper¬ 


ing.  The  costs  of  installation  and  main¬ 
tenance  of  a  WDM-system  consisting  of  a 
dispersion-optimized  SM-fiber  trans¬ 
mission  line  and  using  only  conventional 
SM-fiber  components  are  much  lower  than 
those  of  a  system  requiring  specially- 
designed  components  for  dispersion- 
optimized  fibers. 


fiber  com¬ 

X  ( [i  m ) 

taper 

i  splice  loss 

(dB) 

bination 

ratio 

Case  1 

Case  2 

Case  3 

Dispersion 

1.3C 

1.00 

0.83 

0.62 

0.34 

F 1  a  1 l .  S  M  F  - 

0.68 

0.24 

Matched 

0.62 

0.11 

Clao.SMF 

o:6i 

1 

0.13 

1.55 

1.00 

0  61 

0.42 

0.27 

0.82 

0.24 

0.75 

0.15 

0.74 

0.17 

Dispersion 

1.30 

1.00 

0.66 

0.52 

0.30 

Flat  t  .SMF- 

0.72 

0.29 

Depressed 

Cladd.SMF 

0.70 

0.21 

0.14 

1.55 

1.00 

0.45 

0.36 

0.24 

0.87 

0.29 

0.85 

0.25 

0.18 

Dis  per  s  ion 

1.55 

1.00 

0.25 

0.22 

0.17 

Shift.  SMF- 

0.66 

0.10 

Mj  tched 

0.60 

0.06 

Cladd  .SMF 

0.56 

0  01 

Dispersion 

1.55 

1.00 

0.17 

0.18 

0.15 

Shift .SMF- 

0.83 

0.12 

Depressed 

Cladd.SMF 

0.79 

0.06 

0  09 

Matched 

Cladd., , 

n^m 

1.30 

1  00 

0.47 

0.47 

0.26 

Depressed 

1.55 

1.00 

0.53 

0.54 

0.30 

Cladd. „  SMF 

a  n  m 

Table  1. 

Calculated  losses  between  different  fibers 

Case  1:  Ideal  butt-joint  splice,  without 
profile  diffusion,  index-matched; 

Case  2;  Similar  to  Case  1,  except  that 

profile  diffusion3  is  taken  into 
account ; 

Case  3:  Similar  to  Case  2,  except  for  a 
region  with  common  refractive- 
index  profile  A  (see  Fig.  1). 
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Fig.  i.  Schematic  of  a  tapered  splice  with 
assumed  refractive-index  profiles  at 
different  locations 

MC  =  Matched-cladding  single-mode  fiber 
(SMF)  with  refractive-index  profile 
a(MC) ; 

DC  =  Depressed-cladding  single-mode  fiber 
with  refractive-index  profile  A(DC); 
DF  =  Dispersion-flattened  SMF  with  refrac¬ 
tive-index  profile  a(DF); 

DS  =  Dispersion-shifted  SMF  with  refrac¬ 
tive-index  profile  a(DS); 

Ag  =  Refractive-index  profiles,  smoothed 
by  diffusion  process  in  the  taper 
regions; 

ac  =  Common  refractive-index  profile 
between  the  taper  regions. 


Fig.  3.  Measurement  set-up  for  DFSM-MCSM 
spl ices . 


Fig.  4.  Splice  losses  between  identical 
DFSM-f ibers 


Fig.  2.  Calculated  losses  of  symmetri¬ 
cally-tapered  splices  between  DFSM-  and 
MCSM-fibers  vs.  taper  ratio  TR  at  the 
1.3  pm  wavelength 

a  =  Gaussian  field  approximation  (leading 
to  spot  sizes  1 ) ; 

b  =  Exact  field  distribution,  neglecting 
diffusion; 

c  =  Similar  to  b  but  with  diffusion- 
smoothed  A  (DF)  ,  A  (MC)  ; 
d  =  Similar  tosb  but  cSmmon  a  by 
diffusion 


Fig.  5.  DFSM/MCSM-spl ice  '  ,ss  vs.  taper 
length  and  results  of  u  .tapered  and 
tapered  spl-'ces. 
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Fig.  7.  Spot  sizes  w0  of  dispersion- 
shifted  single-mode  fiber  (DS)  and  of 
matched-cladding  single-mode  fiber  (KC)  , 
according  to  l,  as  a  function  of  taper 
ratio  TF.  for  the  1.55  pm  wavelength. 


untapered 


DSSM  splice  MCSM 

Fig.  10.  Photograph  of  a  tapered  DSSM/MCSM 
splice  and  values  of  taper  ratios  for 
minimal  splice  losses. 


tapered 


Fig.  8.  Relative  field  of  DSSM-  and  MCSM- 
fibers  for  the  1.55  pm  wavelength. 


0  7  Tapei  Ratio  1.0 

Fig.  11.  Spot  sizes  w„  of  dispersion- 
shifted  single-mode  fiber  (DS)  and  of 
depressed-cladding  single-mode  fiber  (DC), 
according  to  1 ,  as  a  function  of  taper 
ratio  TR  for  the  the  1.55  pm  wavelength. 
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Fig.  12.  Calculated  losses  of  symmetri¬ 
cally-tapered  splices  between  DSSM-  and 
DCSM-fibers  vs.  taper  ratio  TR  at  the 
1.55  pm  wavelength 

a  =  Gaussian  field  approximation  (leading 
to  spot  sizes  1 ) ; 

b  =  Exact  field  distribution,  neglecting 
diffusion,* 

c  =  Similar  to  b  but  with  diffusion- 

smoothed  A  (DS)  ,  A  (DC)  ; 

d  =  Similar  tosb  but  cSmmon  a  by 

c 

diffusion 


Fig.  13.  Dual  wavelength  DFSM-transmission  line,  using  standard  SM-pigtailed  lasers, 
SM-fiber  WDMs  and  ten  SM-fiber  repair  patches. 
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Single-Mode  Multifiber  Technique  for  High-Density  High-Count  Subscriber  Cables. 
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NTT  Network  Systems  Development  Center 
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ABSTRACT 

Practical  single-mode  multifiber  jointing 
techniques,  an  efficient  fiber  coat  stripper,  a 
mass-fusion  splicer  and  a  field-installable 
multifiber  connector,  have  been  developed. 

Their  performances  have  been  evaluated  for 
experimental  subscriber  lines  with  10-SM-fiber 
ribbon  cables.  It  has  been  found  that  average 
splice  losses  for  the  same  ribbon  and  for 
different  ribbons  are  0.02dB  and  O.lldB, 
respectively.  An  average  connection  loss  of 
0.42dB  for  field-installed  connectors  has  been 
obtained . 


1.  Introduction 

In  construction  of  single-mode  optical  fiber 
subscriber  lines,  several  kinds  of  optical  cables 
and  jointing  techniques  are  required. 

Particularly ,  multifiber  jointing  techniques, 
including  mass-fusion  splicing  and  multifiber 
connectors,  are  indispensable  for  high-density, 
high-count  optical  cables  such  as  feeder  cables. 

Low-loss  and  higher  operating  efficiency  are 
required  for  mass-fusion  splicing.  A  mass-fusion 
splicing  machine  for  4-SM-fiber  ribbons  with  image 
processing  equipment^*',  a  fiber  cutting 
too  1 1  ^ ^  ^ )  and  a  fiber  holdcr^^  have  been 
developed  for  achieving  low-loss  splicing.  For 
practical  use,  the  reduction  of  mi s-slri pp i ng, 
mis-splicing  and  miniaturization  of  splicing 
equipment  are  important. 

A  low-loss  multifiber  connector  for  fiber 
ribbons,  that  is  small,  and  economical,  is 
required.  A  multifiber  connector  with  a 
precision  plastic-molded  ferrule  has  been 


developed^)  for  this  purpose.  The  connector 
is  constructed  in  the  factory  for  application  to 
pre-connector i zed  cables.  For  practical  use,  the 
connector  must  rapidly  be  constructed  in  the 
field.  Therefore,  a  multifiber  connector 
allowing  both  easy  construction  and  low-loss  is 
desi ruble. 

In  this  paper,  the  design  and  performances  of 
the  practical  single-mode  multifiber  jointing 
techniques,  the  mass-fusion  splicing  equipment  and 
the  multifiber  connector,  are  described.  The 
results  of  a  field  trial  are  also  presented. 


2.  Mass-Fusion  Splice 
2.1  Splice  Equipments  Design 

Figure  1  shows  t.he  relationships  between 
problems  and  solutions  in  achieving  low-loss  and 
highly  efficient  multifiber  splicing.  A  fiber 
cutting  tool^'^’^^  and  a  fiber  holder^)  have 
already  been  developed  to  solve  these  problems. 
With  this  equipment,  some  degree  of  low-loss 
splicing  has  been  achieved^ 
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Figure  1.  Relationship  between  purpose  and 
solutions  to  achieve  a  low-loss  and  highly 
efficient  multifiber  splicing. 
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On  the  other  hand,  the  two  major  problems, 
end  face  gap  variances  and  non-uniform  heating, 
have  not  been  completely  solved. 

In  this  section,  splicing  equipment  which 
solves  these  problems  is  described. 

(l)Coat  stripper  with  heater 

Mi s-spl ic ing  mainly  occurs  when  there  are  large 
end  face  gap  variances  due  to  weakly  bond 
between  the  fiber  and  its  coating.  Strongly 
bonded  coat  is  very  effective  in  reducing  the 
variances  directly,  but  the  mi s-stri pp ing  rale 
increases  due  to  the  difficulty  encountered  when 
stripping.  The  mi  s-st.r  i  pping  rate  using  a 
conventional  stripper  increases  more  than  f>0%. 

This  is  inefficient,  for  field  use.  Therefore,  a 
new  coat  stripper  for  stripping  the  strongly 
bonded  coat  easily  needs  to  bo  developed. 

The  resistance  required  to  strip  the  coat  is 
determined  by  how  much  the'  coat  shrinks  and  the 
strength  of  the  bond  between  the  coat  and  fiber. 
Therefore,  when  the  coat  is  heated,  shrinkage  will 
be  reduced  due  to  its  thermal  expansion.  The 
shrinkage  p  of  unit  length  decreases  in  proportion 
to  the  temperature,  described  as, 

p  -  C(  t0  -  t  )  ( l ) 

taking  into  consideration  the  theory  of  shrink 
fit.  Where,  C  is  the  constant  determined  by 
thermal  expansion  coefficients  of  the  coat,  and 
fiber,  elastic  modulus,  etc.,  and  tQ  is 
temperature  at  which  shrinkage  disappears. 

Figure  2  shows  the  construction  of  the  coat, 
stripper.  The  stripper  consists  of  a  pair  of 

COAT  PUSHER 


Figure  2.  Construction  of  the  coat  stripper. 


blades  and  a  ceramic  heater  for  controlling 
temperature. 

Figure  3  shows  the  effect  of  temperature  on 
resistance  when  stripping  a  10-SM-fiber  ribbon. 

The  length  of  coat  stripped  was  30mm.  The  filled 
circles  are  the  measured  values,  the  solid  line  is 
a  calculated  value  based  on  eq.(l)  and  resistance 
at  20°C,  and  broken  line  is  an  average  resistance 
in  the  region  of  70  to  100°C.  The  resistance 
decreases  as  indicated  by  iq.(I).  I'  was  found 
that  the  effect  of  shrinkage  disappears  over  70°C. 


TEMPERATURE  T  fC) 


Figure  3.  Effect  of  temperature  on 
resistance  when  stripping  10-SM-fiber  ribbon. 

Figure  4  shows  the  relation  between  the  length 
to  be  stripped  vs.  resistance.  Open  circles, 
triangles,  and  rectangles  indicate  resistances  for 
ibrv-  uifferent  f  i  be  i  ribbons  LhaL  ai  e  not  heated. 
And  the  filled  marks  correspond  to  the  resistanres 
heated  to  ]00°C.  Furthermore,  the  cross 
indicates  the  resistance  of  non-bonded  ribbon 
without  using  heating.  When  the  coat  is  heated, 
the  resistance  decreases  to  about  1kg  which  is  as 
same  as  that  of  the  non-bonded  ribbon.  This 
result  indicates  that  the  strength  of  the  bond 
force  between  coat  and  fiber  disappears  when 
heated . 

During  field  tests  it  was  confirmed  that,  when 
heated,  the  resistance  of  a  strongly  bonded  coat 
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(a)  UNIFORM  HEATING 
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Figure  4.  Relation  between  the  length  to  be 
stripped  and  resistance. 

is  reduced  and  the  coat  can  be  stripped  easily 
with  blades.  I  he  stripper  is  40xl00x40inm\ 
small  enough  to  make  it.  very  convenient  Cor  use  in 
the  field. 

(2)Uniform  heating  conditions 

The  rate  of  mis-spl icing  und  splice  loss 
increases  when  the  temperature  varies  between 
individual  fibers.  The  heating  technique  has 
been  studied  and  a  Low-loss  splicing  of  loss  than 
O.ldB  has  been  obtained  for  5-Gl-fiber  ribbons^'. 
The  offset  d  and  electrodes  gap  L  corresponds  to 
the  number  of  fibers  to  be  spliced  simultaneously, 
therefore  the  uniform  conditions  have  been 
confirmed  experimentally.  Figure  5  shows  the 
brightness  of  the  10-SM-Cibers  during  electrical 
discharge,  recorded  by  TV  camera.  Figure  5(a) 
shows  a  uniform  heating  condition  and  (b)  shows 
the  non-uniform  case.  Figure  6  shows  the 
relation  between  normalized  discharge  current  i/iQ 
vs.  ratio  d/L.  The  discharge  current  i  is 
normalized  by  the  smallest  value  i.Q  which  was 
obtained  experimentally.  The  open  circles  and 
triangles  indicate  uniform  heating  conditions  for 
10-SM-fiber  ribbons  and  non-uniform  ones, 
respectively.  The  uniform  heating  is  obtained  in 
the  hatched  region.  The  non-hatched  regions 
indicate  the  non-uniform,  Jow-powe.  or  excessive 
power  regions,  respectively. 


(b)  NON-UNIFORM  HEATING 

Figure  5.  Brightness  of  10-SM-fibers  during 
electrical  discharge. 
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Figure  6.  Relation  between  normalized 
discharge  current  and  the  ratio  d/L. 

Moreover,  it  was  found  that  those1  offset  and 
electrodes  values  are  not  only  appl  icu'"1!  i  to  10- 
SM-fiber  ribbons  but  also  casilv  applicable  to 
fewer  fiber  ribbons,  name1'-  1  a11  1  H)-fjber 

ribbons,  bv  controlling  the  discharge  current. 
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2.2  Splicing  Machine  Construction  and  Performance 

A  mass-fusion  splicing  machine  has  been 
developed  adopting  a  uniform  heating  condition. 

The  machine  is  suitable  for  mono-coated  fiber,  4- 
SM,  5-GI ,  8-SM  and  10-SM-fiber  ribbon  etc.,  by 
changing  the  pair  of  fiber  holders  and  controlling 
the  discharge  current.  Figure  7  shows  the  mass- 
fusion  splicing  machine,  the  coat  stripper  and  the 
cutting  tool.  The  conventional  image  processing 
procedures^ 3 3  for  noting  fiber  end  face  variances 
jic  excluded  from  the  splicing  machine,  because 
the  end  face  variances  are  less  than  lOum  which  is 
small  enough  to  attain  low-loss  splicing. 
Therefore,  the  splicing  machine  is  simplified  and 
miniaturized .  The  size  of  the  machine  is 
1 70x  1 10x1 40mm’3 . 


r  i 


Figure  7.  The  mass-fusion  splicing  machine, 
the  coat  stripper  and  the  cutting  tool. 
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Figure  8.  Splice  loss  distribution  of  one 
10-SM-fiber  ribbon  under  laboratory 
conditions. 


Figure  8  shows  the  splice  loss  distribution  of 
the  one  10-SM-fiber  ribbon  under  laboratory 
conditions.  The  average  mode  field  diameter  is 
lOum.  An  average  splice  loss  of  0.02dB  was 
achieved.  In  addition,  average  splice  losses  of 
0.04dB  and  0.02dB  for  4-SM-  and  8-SM-fiber  ribbons 
respectively,  were  obtained.  As  far  as  we  know, 
these  are  the  lowest  splice  losses  to  be  achieved, 
so  far. 

3.  Multifiber  Connector 
3.1  Connector  Structure 

Figure  9  shows  the  structure  of  the  multifiber 
connector  for  10-SM-fiber  ribbons.  The  connector 
consists  of  a  pair  of  ferrules  with  a  gum  boot, 
two  guide-pins  and  a  clamp  spring.  At  the 
ferrule  end,  ten  fibers  are  positioned  precisely 
between  two  guide-holes.  The  ferrules  are 
aligned  by  the  guide-pins  and  are  held  by  the 
clamp  spring.  The  component,  made  by  a  precision 
plastic  molding  technique  suitable  for  mass 
production,  has  ten  fiber-positioning  holes  with 
fiber-introducing  guide  grooves.  This  structure 
allows  for  easy  ferrule  construction.  Ten  bare 
fibers  of  a  ribbon  are  inserted  together  into  the 
corresponding  fiber  holes  with  the  aid  of  the 
fiber-guide  grooves  and  are  fixed  to  the  ferrule 
component  using  an  adhesive.  The  component's 
dimensions  are  7x3x8mm  .  The  fiber  hole 
alignment  error  is  less  than  lum. 

FERRULE  COMPONENT 

PIN  GUIDING  HOLE 

FIBER  POSITIONING 


Figure  9.  Structure  of  the  multifiber 
connector  for  10-SM-fiber  ribbons. 
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To  make  ferrule  construction  easy  in  the  field, 
a  single  type  of  ferrule  with  a  one  fiber  hole 
diameter,  which  fits  a  specified  maximum  outer 
diameter  of  the  fibers,  should  be  used.  Here, 
there  is  the  problem  of  mis-al ignment  due  to 
clearance  between  the  fiber  hole  and  the  outer 
diameter  of  the  fibers  increasing,  as  illustrated 
in  figure  10.  It  is  important  to  suppress  the 
mis-al ignment  due  to  clearance  by  utilizing  the 
fiber  centering  effect  of  the  adhesive^), 
injected  into  the  fiber  hole  for  fixing  the  fiber. 
The  adhesive  material  was  investigated 
experimentally.  Test  ferrule  components  were 
formed  using  the  same  mold  and  were  assembled  with 
three  types  of  fiber  ribbons  with  difference  in 
the  fiber's  outer  diameter.  The  ribbons  have 
I . Jum  zero-dispersion  iu-oM-t t her  with  a  mode 
field  diameter  of  lOum,  a  core-cladding 
eccentricity  of  less  than  O.dum  and  an  outer 
diameter  variance  of  less  than  lum  per  ribbon. 

The  clearance  between  the  liber  hole  and  the 
fiber's  outer  diameter  was  made  to  be  1 ,  2  and 
4um.  Two  types  of  adhesives  were  used:  (a)  epoxy 
resin  and  (hi  epoxy  resin  with  glass  fillers 
having  an  average  outer  diameter  of  2um.  Using 
the  three  types  of  fiber  ribbons  and  two  types  of 
adhesives  described  above,  t  he  test  ferrules  were 
constructed.  The  Lest  ferrules  were  connected  to 
a  reference  ferrule,  constructed  with  a  clearance 
of  lum,  and  the  connection  losses  wore  examined. 
Figure  11  shows  the  measured  connection  losses. 

The  solid  curves  in  figure  II  are  the  calculated 
probabi 1 i tv ^ ,  in  which  the  fiber  center  is 
assumed  to  be  located  in  a  Gaussian  distribution 
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Figure  10.  A  cross-sectional  view  of  a 
ferrule. 


Figure  11.  Connection  loss  distributions 
with  clearance  of  lum,  2um  and  4um. 
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within  the  fiber  hole  with  an  alignment  error  cf 
lum.  From  figure  11,  the  liber  centering  effect 
is  found  to  be  remarkable  for  the  ferrules  using 
glass  filled  epoxy  resin.  This  is  explained  by 
the  fact  that  glass  fillers  are  filled  round  the 
clearance  between  the  inner  wall  of  the  fiber  hole 
and  the  fiber.  Therefore,  m i s-a 1 i gnmen t  due  to 
clearance  was  found  in  be  suppressed  using 
adhesive  with  fillers. 

3.2  Connector  Assembly  and  Performance 

The  assembling  procedure  for  the  multifiber 
connector  is  as  follows: 

(1)  The  coating  of  fiber-ribbon  is  removed 
by  the  si r i pper . 

(2)  The  bare  fiber  ends  are  inserted  into 
the  ferrule  fiber-holes  filled  with  epoxy 
resin  with  glass  fillers. 

(3)  The  epoxy  resin  in  the  ferrule  is  healed  lot- 
10  minutes  and  is  cured  using  a  small  heater 
capable  of  heating  five  ferrules  at.  the  same 
time.  The  heater's  dimensions  tire 

1 00x1 00x1 20mm3. 

(4)  The  ferrule  end  is  polished  by  a  smal 1 
polishing  machine  with  dimensions  oi 

1  2()x  i  20x  1  bOmm  * .  Throe  types  of  polishing 
sheets  are  used.  It  takes  about  10  minutes 
to  finish  the  polishing  procedure. 


CONNECTION  LOSS  (dB) 

Figure  12.  Connection  loss  distribution 
connected  to  a  reference  ferrule. 


(5)  Two  ferrules  are  aligned  by  two  guide 
pins  and  are  held  by  a  clamp  spring. 
Index-matching  material  is  used  between 
the  fiber  end  faces. 

On  the  basis  of  the  above  procedure,  the 
multifiber  connectors  were  assembled  with  10-SM- 
fibor  ribbons  in  the  laboratory.  Assembly  time 
was  20  minutes  per  ferrule.  Figure  12  shows  the 
connection  loss  distribution.  The  average 
connection  loss  was  0.37dB.  Mechanical  and 
on vi ronmen Lai  tests  were  also  carried  out.  The 
test  results  are  shown  in  Table  1.  The  results 
were'  found  to  be  satisfactory. 

Table  1.  Results  of  mechanical  and 
environmental  tests  for  multifiber  connector. 
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60  C,  90%RH  j  <Q  2dB 
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_ i _ 

4.  Fjcperimental  Results  in  Field  Tests 

Mass-fusion  splicing,  using  a  coat,  stripper,  a 
splicing  machine,  and  a  multifiber  connector,  have 
been  evaluated  in  experimental  field  line  tests. 
The  experimental  lines  constructed  of  10-SM-fiber 
ribbon  cables,  includes  100  fibers. 

4.1  Mass-Fusion  Splicing 

As  mentioned  above,  the  splice  loss  of  0.02dB 
for  same  fiber  ribbon  has  been  obtained.  On  the 
other  hand,  splice  loss  may  increase  due  to  modc- 
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field  diameter(MFD)  variances,  in  the  field. 

Figure  13  shows  the  splice  loss  between  launched 
fiber  whose  MFD  is  10.5um  and  tested  fibers  whose 
MFD  is  8.5  to  10.5um.  Splice  loss  increases  as 
MFD  variances  grows.  Therefore,  the  effect  of 
this  variance  on  the  characteristic  of  mass-fuSion 
splicing  has  been  confirmed  in  the  field. 


o:  IN  LABORATORY 
•  :  IN  FIELD 
LAUNCHED  FIBER'S 


MFD  =  10. 5/jm 


8  9  10  11 

MODE  FIELD  DIAMETER  OF 
TESTED  FIBER  (pm) 

Figure  13.  Splice  loss  between  a  launched 
fiber  and  tested  fibers  whose  MFD  is  8.5  to 
10. bum. 

Figure  14  shows  the  splice  loss  distribution. 
The  average  loss  between  different  fibers  was 
0.1 1 d B .  This  value  is  found  to  be  highly 

practical  in  the  construction  of  subscriber  lines. 
Rut  the  value  of  O.lldli  is  larger  than  that  for 
the  same  fiber  ribbon  in  the  laboratory.  It  is 
thought  that  the  MFD  variances,  human  error  and 
environmental  conditions  made  splice  loss  larger. 

Mis-spl ic ing  rates  have  also  been  noted;  mis- 
strippings  was  9%,  mis-cuttings  was  l.V£.  Ihe 
rate  of  mis-fusion  however  was  Ot .  The  mis- 
stripping  rate  is  one  fifth  smaller  than  that 
achieved  by  conventional  tool,  and  the  mis-fusion 
splicing  rate  completely  vanishes,  so  that  the 
total  mis-spl icing  is  significantly  reduced. 

The  splicing  success  rate  of  about  80S  per  one 
trial  was  achieved.  Therefore,  the  length 
necessarv  to  splice  is  shortened. 


Ave.  =  0.1  IdB 
a  =  0.08dB 
N  =140 


SPLICE  LOSS  (dB) 

Figure  14.  Splice  loss  distribution  in  field 

tests. 

Ihe  total  splicing  lime  required  for  splicing  a 
10-SM-l  i her  ribbon  in  the  field  was  270sec ,  i  I  om 
si  at  I  to  I  l  msh.  Tli  is  moans  that  t  he  splicing 
time  per  fiber  is  on  I v  27sec  ,  which  is  extremely 
short  tot  high-density  multi  fiber  optical  cables. 

Furthermore,  I  tie  spliced  portion  of  the  liber 
ribbon  is  trillion  ed  by  heal  shrinkable  tube. 


FIBER  RIBBON 


HOT  MELT 
ADHESIVE 
TUBE  % 


HEAT  SHRINKABLE 
TUBE 


GLASS  CERAMIC 
TENSION  MEMBER 

Figure  15.  Construction  of  reinforced 
element. 
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Figure  15  shows  the  construction  of  the 
reinforcement  element.  A  semi-cylindrical ,  glass 
ceramic  tension  member  is  used  to  depress  a 
repeated  thermal  stress.  No-loss-increase 
appears  after  reinforcement,  and  no-loss-change 
during  the  heat -cycle  has  been  observed. 

4.2  Connector 

Performances  of  the  multifiber  connectors 
constructed  in  the  factory  and  in  the4  field  have 
also  been  evaluated  in  the  experimental  1 ines. 

The  factory-i nstal led  ferrules  were  applied  to  the 
pre-conncctor ized  cables.  The  field  installed 
ferrules  wore  assembl'd  by  semi-skilled  workers, 
with  the  cable's  in  a  manhole  of  the  experimental 
lines.  It  took  20  minutes  to  assemble  the 
ferrule,  this  was  the  same  t  ime  as  t he  indoor 
experiments.  Figure  16  shows  the  10-SM-fiher 
ribbon  connection  loss  between  the  field-  and  tin 
factory-installed  ferrules.  ’I he  average 
connection  loss  was  0.42dB,  When  the  field- 
installed  ferrules  and  the  f  n<  t  or  y- 1  nst  a  l  1  ed 
ferrule's  wore  connected  to  a  referee*'  ferrule, 
tile  averag"  losses  were  O.  J^dB  md  0.  $7dH, 
respectively.  It  was  shown  that  tire  fi«  lii- 
inst. tiled  connector  exhibited  a  pprox  i  mat  e  l  y  the 
same  loss  a-  the  f  ac  t  ot  \  -  i  nst  a  1  I  ed  connector. 


CONNECTION  LOSS  (dB) 


Figure  16.  Connection  loss  between  the4 
field-  and  factory-installed  ferrules  in 
field  tests. 


5.  Conclusion 

Practical,  low-loss  and  high-efficiency 
multifiber  jointing  techniques,  a  coat  stripper,  a 
mass-fusion  splicer  and  a  multifiber  connector, 
have  been  developed. 

( 1 ) Mass-f us  ion  splicing  equipment,  a  stripper 
that  can  easily  remove  strongly  bonded  coat,  small 
size  mass-fusion  splicing  machine  which  can  be 
used  with  1  to  10-SM-fiber  ribbon,  have  been 
developed.  With  this  equipment,  the  average 
splice  loss  of  0.02dB  for  the-  same  10-SM-fiber 
ribbon  in  the  laboratory  and  of  0.1 1 d B  for 
different  ribbons  in  field  trials  have  been 
achieved,  Mis-spl  icing  is  significantly  reduced, 
so  that  a  success  rate  of  80%  is  attained  alter 
one  trial.  The  splicing  time  was  only  27set  per 

t  i her  . 

(2)  Hu*  multi  fiber  connector,  which  has  a  self 
fiber  <  entering  effect  due  to  the  adhesion  with 
glass  tillers  and  precision  plastic  molding 
components,  has  been  developed.  So  the 
miiftitiber  Conner  Lot  is  simplified  and  easily 
installed  in  t  tie  field.  An  average  connection 
loss  ot  0.4 2d B  for  10-SM-tiber  ribbon  has  been 
••bt, lined  in  field  trials.  It  takes  20  minute's  to 
assemb  O'  in  t  he  f  i  •  ■  1  d  . 

As  a  r'snlt  of  the  experimental  line  test,  the 
nass-f  vision  splicing  machine  and  the*  multi  fiber 
«  oniir  im  are  found  t  o  be  highly  practical  in 
t i <  1 d  use . 
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Abstract 

Field  OTDR  measurements  of  installed 
ferrule-based  splices  have  shown  that  typical 
return  losses  are  below  the  cumulative  fiber 
backscatter  for  transmission  systems  and 
hence  should  have  no  effect.  Moreover  they 
are  large  enough  to  be  clearly  seen  on  an 
OTDR  thereby  assisting  in  maintenance  and 
restoration  procedures  through  the  ability  to 
accurately  locate  splic  s.  Similar 
measurements  in  the  laboratory  show  that 
other  splice  return  losses,  even 
unmeasureably  small  ones  can  be  obtained 
through  modifications  to  the  present  splice 
preparation  methods. 

I.  Introduction 

Ferrule-based  mechanical  splices  can  be 
designed  to  yield  a  wide  range  of  return 
losses  by  varying  the  end  preparation 
method  and/or  index  matching  gelJ1'  While 
large  reflections  are  not  usually  desirable, 
some  customers  also  object  to  vanishingly 
small  values  because  the  inability  to  see 
them  on  an  OTDR  complicates  fault  locating 
procedures.  Thus  a  logical  design  goal  could 
be  for  the  splice  reflections  to  be  large 
enough  to  see  with  an  OTDR  but  small 
enough  to  negligibly  impact  even  high-speed 
digital  transmission  systems.  AT&T’s 
Rotary  Mechanical  Splice  is  an  example  of 
this  type  of  design,  and  results 
demonstrating  its  characteristics  for  field- 
installed  systems  will  be  shown  and 
discussed.  Other  designs  with  lower  (or 
higher)  reflections  could  also  be  offered  if 
needed.  As  an  example,  by  using  slightly 
different  end-preparation  methods,  ferrule- 
based  splices  can  be  modified  to  achieve 
ultra-low  reflections  which  may  be 
appropriate  for  analog  transmission  systems. 
Some  results  illustrating  this  will  be  given 
also. 


Regardless  of  the  designed  value  of  return 
loss,  one  must  verify  in  the  field  that  the 
desired  values  are  attained.  This  is 
especially  important  when  splices  are 
installed  in  a  high  productivity  mode  where 
as  many  as  60  fiber  splices  a  day  are  being 
made  by  a  single  splicing  crew  This  can  be 
accomplished  with  commercial  OTDRs  using 
the  following  multi-step  operation. 

2.  OTDR  Return  Loss  Measurement  Method 

The  OTDR  transmits  narrow  pulses  into  a 
fiber  and  displays  the  reflected  signal  versus 
time  or,  equivalently,  distance  If  the 
distance  between  splices  is  larger  than  one 
half  the  OTDR’s  spatiai  pulse  width,  the 
splice  reflections  can  be  viewed  separately 
from  each  other  as  shown  in  Figure  1  The 
return  loss  of  the  splices  can  in  principle  be 
determined  by  measuring  the  height  of  the 
reflections.  However  two  complications 
occur  'l'he  first  is  that  OTDRs  only  display 
a  relative  deeibel  scale  so  one  ran  only 
measure  the  dB  difference  between  two 
reflections  To  get  absolute  readings  one 
must  generate  a  known  reference  reflection 
which  the  splice  can  be  compared  to.  The 
most  readily  available  reference  is  the 
Rayleigh  backscatter  from  the  fiber  itself 


DISTBNCE  [km] 

Figure  I.  Typical  OTDR  Trace 
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At  any  point  in  the  fiber  its  reflectance  isJ2! 

(1) 

where 

vt  is  the  group  velocity, 

PW  is  the  temporal  pulse  width  of  the 
equivalent  rectangular  pulse, 
a,  is  the  fiber  attenuation  due  to  Rayleigh 
scattering,  and 

S  is  the  proportion  of  backscatter  that  is 
captured  by  the  fiber  (which  is  a  function  of 
the  fiber’s  spot  size). 

Defining  the  return  loss  as  RL=  10LO<7lo(R), 
equation  (1)  shows  the  return  loss  due  to 
backscatter  [RLP,)  for  nominal  AT&T  single¬ 
mode  fiber  to  be  -46.3  dB  at  1.31  pm  and 
-48.8  dB  at  1.55  pm  when  PW=2n».  The 
uncertainty  in  these  numbers  is  typically  a 
few  tenths  of  a  dB  due  to  fiber  parameter 
uncertainties.  Note  that  /?/,»,  changes  by  -3 
dB  for  every  halving  of  the  OTDR’s  pulse 
width.  So  if  very  narrow  pulse  widths  are 
used,  RLh,  can  become  too  small  to  measure. 
In  this  case  one  could  use  as  a  reference  the 
-14.7  dB  Fresnel  reflection  from  a  0°  fiber 
end  in  air.  This  can  also  be  used  to  check 
the  RLb,  value. 

The  second  complication  is  that  even  the 
difference  between  the  fiber  and  splice 
reflections  cannot  be  read  directly  from  the 
OTDR.  The  reason  is  that  the  reflected 
power  measured  at  the  splice  is  the  sum  of 
the  power  backscattered  from  the  fiber  and 
the  power  reflected  at  the  splice.  (This  is 
because  the  spatial  width  of  the  OTDR 
pulse  is  much  wider  than  the  splice  so  most 
of  the  pulse  remains  in  the  fiber  while  a 
portion  is  being  reflected  by  the  splice.) 
Thus  the  actual  difference  in  decibels 
between  the  splice  and  fiber  return  loss 
(/?/,„,_$,)  is  found  from  the  measured 
difference  (R[,measfp_)„)  by: 

10  LOGw  [  10(2  RLmr"’>  *’/l0)-  lj. 

where  the  factor  of  2  in  the  exponent  is 
needed  because  most  OTDRs  display  one¬ 
way  loss,  i.e.  one-half  of  the  measured 
round-trip  loss.  One  then  finds  the  return 
loss  from  the  splice  as: 

RR,  v—  Rb.r-»f  +  RRbt 


For  later  use  we  also  derive  the  equation  for 
the  backscatter  that  occurs  when  the  input 
signal  has  a  much  wider  duration  than 
typical  OTDR  pulses.  We  begin  by 
generalizing  equation  (1)  to  show  the 
backscatter  that  occurs  at  the  fiber’s  input 
due  to  a  differential  length,  dz,  of  fiber  that 
is  a  distance  z  from  the  input.  If  the  input 
is  a  continuous  wave  signal,  the  reflectance 
will  be  equation  (1)  with  an  equivalent  pulse 
width  of  2dz/vt  and  multiplied  by  the 
round-trip  fiber  attenuation: 

Rj,(r)=  iz  a,  .?  exp-2®1. 

When  this  is  integrated  over  the  entire 
length,  L,  one  obains  the  cumulative 
reflectance: 

/?{r“^5(1-eXp"20i) 

For  long  fiber  lengths  the  exponential  term 
is  negligible  and  the  reflectance  due  to 
backscatter  is  : 

Rir-^-s 

za 

which  corresponds  to  return  losses  of  about 
-31.6  dB  at  1.3  pin  and  -31.7  dB  at  15  pm. 
These  are  the  cumulative  return  losses  due 
to  backscatter  alone  for  a  typical 
transmission  system  and  represent  a 
reasonable  design  goal  for  splices  and 
connectors 

$.  Field  Measurement  Procedure 

For  field  tests  on  large  numbers  of  splices,  a 
computer  controlled  measurement  is  most 
convenient  to  use.  This  also  allows  disk 
storage  of  the  data  for  later  analysis  or 
comparison.  Normally  we  use  an  Anritsu 
OTDR  (MW98A  or  MW910A)  controlled  by 
a  IIP  9826A  computer  using  in-house 
software.  Each  splice  and  fiber  is  measured 
for  loss  and  return  loss  using  varied  OTDR 
settings.  The  actual  calculation  of  return 
loss  usually  requires  combining  multiple 
sweeps.  First  the  entire  cable  will  be 
measured  with  a  high  attenuation  setting 
and  a  wide  pulse  width.  This  insures  that 
the  peak  level  is  not  clipped  or  distorted. 
Then  the  fiber  backscatter  will  be  measured 
at  a  lower  attenuation  (higher  gain),  with 
the  splice  reflections  "masked",  and  at  times 
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a  narrower  pulse.  This  ensures  that  the 
lower  level  backscatter  signal  will  have 
minimum  noise,  will  be  free  of  "dead  zone" 
distortion  due  to  transients  from  preceeding 
reflections,  and  will  be  accurately  measured 
between  even  closely  spaced  splices.  Since 
these  OTDRs  cannot  mask  more  than  three 
splices  on  the  screen,  this  last  step  alone 
requires  numerous  sweeps.  The  following 
results  utilize  alt  of  the  above  techniques. 

/.  Typical  Field  Results 

YVe  report  on  two  different  routes  that  were 
installed  by  different  operating  companies. 
The  first  is  a  recently  installed  48-fiber  link 
connecting  a  RBOC  central  office  to  an 
AT&T  Communications  facility.  It 
consisted  of  five  Lightpack ®  cables  and  four 
outside  plant  cable  splices.  This  installation 
used  untuned,  passively  aligned  (blind) 
Enhanced  Rotary  Mechanical  Splices 
(ERMS)  that  were  installed  by  the  RBOC’s 
craft. 

The  route’s  short  length  of  3.96  km  allowed 
the  connectors  at  the  far  end  to  be  looped 
together  enabling  all  192  fiber  splices  to  be 
measured  bidirectionally  from  one  end  of  the 
route.  A  comparison  of  the  two  opposite- 
directioned  measurements  on  each  of  the  192 
splices  (Figure  2)  shows  the  consistency  of 
the  measurement  procedure.  The  root- 
mean-square  difference  is  16  dB  for  all  the 
data  and,  more  meaningfully,  0.8  dB  for  the 
splices  greater  than  -45  dB. 


forward  Return  loss  IdB] 


Figure  2.  Comparison  of  Opposite  Dlrectloned  Return  Losses 


Histograms  of  the  splice  return  losses 
(Figures  3  and  4)  show  a  mean  value  below 
-40  dB  with  a  worst  case  value  of  -29  dB. 


Figure  3.  1.3um  Sp lice  Return  Loss  IdB] 


This  worst  case  is  not  substantially  different 
from  the  -31.6  dB  cumulative  fiber 
backscatter  that  a  normal  transmission 
system  generates.  Also  it  is  interesting  to 
note  that  while  the  statistics  at  the  two 
wavelengths  arc  similar,  the  1.5-pm  return 
loss  is  not  perfectly  correlated  to  the  1  3-/<m 
(Figure  5).  This  is  because  the  total 


BE?  -50  -40  -30  -?0 

3  . 3 u m  Peturn  loss  CdBl 

Figure  5.  Comparison  of  Peturn  losses  at  Different  Have  Lengths 
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reflection  at  a  splice  is  the  coherent  sum  of 
two  reflections,  one  from  each  ferrule  end. 
The  small  gap  between  the  two  ends  will 
have  slightly  different  phase  shifts  at 
different  wavelengths  resulting  in  differences 
in  the  coherent  interference. 

The  second  route  is  an  18-fiber  Lightpack 
cable  link  installed  by  AT&T.  It  had  12 
outside  plant  cable  splices  which  were  made 
with  tuned,  actively  aligned  ERMS  for 
lowest  loss.  All  198  fiber  splices  were 
measured  bidirectionally  at  1.3  pm.  Figure  6 


shows  the  return  loss  distribution  for  these 
tuned  splices  to  be  essentially  identical  to 
that  of  the  untuned  splices  above. 

5.  Experimental  Results  for  Modified 
Ferrule-Based  Splices 

As  applications  of  fiber  optics  become  more 
widespread  and  varied,  special  requirements 
on  splice  return  losses  may  arise.  Designers 
and  maintaincrs  of  such  new  systems  can 
still  use  ferrule  splices;  for,  by  simply 
choosing  different  end-face  finishes,  these 
splices  can  achieve  virtually  any  return  loss 
specified. 

To  illustrate,  we  present  here  laboratory 
results  for  two  methods  for  changing  the 
return  loss  characteristics  of  an  ERMS. 
First,  with  only  the  substitution  of  a 
different  polishing-paper  material  for  the  0.3 
fim  paper  now  used  on  ERMS  ferrules,  the 
return  losses  shown  in  Figure  7  were 


Figure  7.  ERMS  with  Low  Reflection  Polish 

obtained.  For  the  48  splices  measured,  the 
mean  return  loss  is  -56.4  dB  (versus  the  -40 
dB  for  the  standard  polish),  with  the  worst 
being  -41  dB  (versus  -29  dB  previously).  Of 
course  other  polishing  materials  could  be 
found  that  will  produce  characteristically 
different  results. 

A  second  approach  is  to  alter  the  standard 
0“  angle  of  the  ferrule  end-face.  To  study 
this,  a  polishing  tool  with  a  10”  wedge-angle 
was  used  with  standard  finishing  materials 
to  prepare  ferrules  The  reflections  for  the 
resulting  splices  were,  like  fusion  splices, 
undetectable  on  the  OTDR.  Which  is  to 
say,  return  losses  less  than  -70  dB  can  be 
obtained  for  the  ERMS  with  10”  end-angles. 
And,  because  the  pre-aligned  features  of  the 
ERMS  make  its  initial  untuned 
configuration  very  close  to  its  lowest-loss 
state,  these  angled  splices  are  tunable  and 
have  proven  to  be  environmentally  stable  for 
both  splice  loss  and  return  !ossJ3^ 

6.  Conclusions 

Field  OTDR  measurments  of  installed 
ferrule-based  splices  have  shown  that  typical 
return  losses  are  below  the  cumulative  fiber 
backscattcr  and  hence  would  not  cause 
problems  for  transmission  systems. 
Furthermore  they  are  usually  greater  than 
the  OTDR  detected  fiber  backscatter  and 
easily  observed  for  accurate  fault  locating. 

Also,  two  variations  for  end-face  preparation 
show  that  ferrule  splices  can  be  tailored  to 
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produce  any  level  of  return  loss  that  is 
needed.  No  other  splicing  method  has  the 
capability  to  achieve  such  flexibility. 
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REDUCED  MODE-FIELD  DIAMETER  SINGLE-MODE  FIBER 
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Fiber-optic  technology  has  presented  a  unique 
opportunity  to  advance  the  science  of  tactical 
missiles.  FOG-M  and  related  programs  have 
demonstrated  the  possibilities  that  exist  in  this 
area. 

As  payout  speeds  have  increased,  attenuation 
increases  at  the  "peel  point"  bend  have  become  a 
problem.  Since  bend  sensitivity  varies  with 
mode-field  diameter,  the  challenge  is  to  reduce 
the  mode-field  diameter  as  much  as  possible, 
without  adversely  affecting  other  key  parameters. 

Coming's  Advanced  Fiber  Products  department  has 
developed  a  small  mode-field  diameter  single-mode 
fiber  to  address  this  concern.  Bending  loss  tests 
have  shown  little  or  no  increase  In  attenuation 
for  bend  diameters  as  small  as  4.8  ram.  This  fiber 
offers  advantages  in  the  areas  of  small  diameter 
cables  and  sensors  as  well.  The  high  degree  of 
bend-loss  resistance  could  allow  the  use  of  fiber 
optics  in  more  rugged  environments  than  was 
previously  feasible. 


The  design  of  a  single-mode  fiber  Is  a  tradeoff 
between  attenuation,  mode-field  diameter  and 
dispersion.  All  three  of  these  parameters  have  an 
impact  on  a  fiber's  functionality  and  their 
relative  impact  depends  on  the  application.  For 
most  telecommunication  applications  the  following 
requirements  typically  apply:  low  attenuation  to 
achieve  the  maximum  distance  between  repeaters; 
mode-field  diameter  that  offers  the  best  tradeoff 
between  spl iceabi 1 i ty ,  connectabi l l ty  and  bend 
loss;  and  low  dispersion  at  the  operating 
wavelength  to  allow  high  bit-rate  transmission. 

These  requirements  have  lead  to  a  fiber  with  1300 
nm  attenuation  in  the  region  of  0.33  dB/km  to  0.40 
dB/km,  mode-field  diameter  in  the  range  of  8.3  urn 
to  10  ura  and  a  zero  dispersion  wavelength  around 
1310  nm.  For  maximum  performance,  dispersion- 
shifted  fibers  offer  attenuation  values  at  1330  nm 
of  0.20  dB/km  to  0.3  dB/km,  mode-field  diameters 
of  7.5  ura  to  9  um  and  a  zero  dispersion  wavelength 
of  approximately  1550  nm.  This  type  of  fiber 
offers  the  best  overall  performance  of  any 
commercially  available  fiber.  As  applications  for 
optical  fiber  have  become  more  demanding,  the  need 
has  arisen  for  specialized  fibers  with  higher 


performance  in  one  or  two  of  these  areas.  This 
can  lead  to  performance  tradeoffs  in  other  areas, 
but  depending  on  the  application,  this  tradeoff 
may  be  appropriate. 

Applications  such  as  FOG-M,  the  fiber  optic  guided 
missile,  rapidly  deployable  technical  cable,  fiber 
optic  sensors  and  others  have  demonstrated  the 
need  for  a  fiber  with  enhanced  resistance  to  bend 
Induced  attenuation  increases.  Bend  diameters  on 
the  order  of  a  few  millimeters  illustrate  the 
potential  severity  of  this  requirement.  Operation 
at  1550  nm  creates  an  additional  problem  due  to 
the  wavelength  dependence  of  macrobend 
attenuation.  This  is  due  to  the  increase  in 
mode-field  diameter  with  increasing  wavelength. 

Another  area  of  recent  Interest  is  microcables. 

For  specific  applications  it  can  be  advantageous 
to  decrease  the  size  of  the  cable  to  a  minimum. 
Reducing  the  protection  afforded  the  fiber  by  the 
cable  can  Increase  the  risk  of  bending  loss. 
Smaller,  more  flexible  cable  can  also  be  bent  and 
kinked  more  easily  and  this  can  lead  to  a  greater 
susceptibility  to  bending  Induced  loss. 

Many  fiber  optic  sensor  systems  rely  on  colled 
fiber.  In  particular,  fiber  optic  hydrophones  may 
use  coils  with  many  thousands  of  turns,  resulting 
in  an  extremely  bend  intensive  environment.  To 
operate  in  this  configuration  fiber  must  have  a 
high  resistance  to  bend  induced  attenuation 
Increases . 

It  has  been  demonstrated  that  mode-field  diameter 
is  the  key  to  bending  loss.'  In  order  to 
signi f icantly  improve  a  fiber's  bending 
performance,  the  mode-field  diameter  must  be 
reduced.  To  do  this  while  maintaining  the  cut-off 
wavelength  in  the  region  near  the  operating 
wavelength,  the  refractive  index  delta  must  be 
increased. 

Coming's  Advanced  Fiber  Products  department  has 
developed  a  step  index  single-mode  fiber 
specifically  for  these  specialized  applications 
with  a  more  highly  doped  core  region  and  a  smaller 
core  diameter.  The  cut-off  wavelength  is 
maintained  below  1300  nm,  making  operation  at  1300 
nm  and  1550  nm  possible.  This  results  in  a  fiber 
with  a  mode-field  diameter  of  approximately  6.5  to 
7.0  um  at  1550  nm  and  6.0  um  to  6.5  um  at  1300  nm. 
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The  attenuation  values  are  approximately  0.6  dB/kra 
at  1300  nm  and  0.3  dB/ka  at  1550  nm.  These 
attenuation  rates  are  more  than  sufficient  for  the 
distances  over  which  these  fibers  will  be  used. 

As  a  result  of  the  increased  delta,  the  zero 
dispersion  wavelength  is  shifted.  Preliminary 
data  indicate  that  it  falls  in  the  region  of  1400 
nm.  This  will  still  allow  high  data  rate 
operation  at  1300  nm  and  1550  nm  over  length  of 
several  tens  of  kilometers.  Narrow  line  width 
lasers  can  improve  on  this  if  necessary. 

The  attenuation  and  dispersion  values  of  this 
fiber  are  such  that  this  fiber  would  not  be 
suitable  for  standard  telecommunications 
appl l< at’ ons .  However,  the  bending  performance  is 
of  primary  Importance.  A  variety  of  tests  are 
possible  depending  on  the  application.  Several 
tests  have  been  performed  on  this  fiber  and  each 
indicates  excellent  bend  performance.  With  one 
turn  wrapped  on  a  5  mm  diameter  mandrel,  the  1300 
nm  and  1550  nm  attenuation  increases  by  less  than 
0.1  dB.  13,000  turns  around  a  1/2"  diameter 
mandrel  shows  no  increase  at  1300  nm  or  1550  nm. 
Standard  fibers  have  attenuation  Increases  of  up 
to  50  dB/kra  in  these  same  tests.  Lateral  load 
(sandpaper)  tests  show  greatly  improved 
performance  over  standard  fibers  as  well. 

Ordinarily,  reducing  the  cladding  and  coating 
diameters  of  '■tandard  fibers  causes  the 
susceptibility  to  bend  loss  to  Increase.  However, 
the  excellent  bend  performance  of  this  fiber  can 
be  utilized  to  create  a  reduced  diameter  fiber. 

The  outside  vapor  deposition  process  used  by 
Corning  makes  diameter  changes  very  straight 
forward.  By  simply  depositing  less  cladding 
material  the  diameter  can  be  changed  without  any 
need  to  modify  the  core  deposition  process.  For 
an  experimental  80  um  diameter  fiber  with  a  135  um 
coating  diameter,  bending  loss  at  1550  nm  is  less 
than  0.2  dB  for  a  5  ram  diameter  bend.  By 
comparison,  fiber  with  an  80  um  clad  diameter  and 
a  typical  dispersion  shifted  core  design  is  dark 
at  1550  nm  and  has  a  4.0  dB  loss  at  1300  nm  under 
the  same  conditions.  This  Indicates  the  magnitude 
of  the  improvement  in  the  fiber. 

While  this  fiber  is  a  specialized  product  that  is 
not  suitable  for  traditional  telephony 
applications,  It  does  offer  unique  advantages  in 
special  applications.  With  this  fiber,  small 
diameter  cables  become  more  feasible.  A  variety 
of  applications  could  benefit  from  this.  Tethered 
vehicles  need  small,  light  weight  cables,  as  do 
systems  such  as  Ariadne.  The  excellent  bending 
performance  also  allows  the  use  of  this  fiber  In 
tethered  weapons  and  sensor  systems  where  fiber 
has  not  previously  been  usable. 


^Giroux  er  al.  IWCS  Proceedings  1986 
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ABSTRACT 


it  can  be  shown  that  *4* 


Polymers  have  been  studied  as  coatings  for  single  mode 
optical  fibers  used  in  interferometric  acoustic  sensors.  Us¬ 
ing  the  measured  temperature  and  frequency  dependence 
of  the  elastic  moduli  of  polymers,  coatings  optimizing  the 
fiber  sensor  response  have  been  identified. 


I.  INTRODUCTION 

Phase  modulation  of  light  in  single  mode  fibers  has 
been  successfully  utilized  for  detecting  environmental 
changes  such  as  pressure,  magnetic  and  electric  fields,  ac¬ 
celeration,  and  temperature*1,2*.  Suitable  fiber  coatings  are 
used  for  different  detections:  polymeric  jackets  such  as  ny¬ 
lon  or  polyester  for  acoustic  fields,  magnetostrictive  coat¬ 
ings  such  as  Ni  or  met-glass  for  magnetic  fields,  piezoelectric 
materials  such  as  PVF2  for  electric  fields,  and  metals  such 
as  Ni  or  A1  for  temperature  sensing.  In  each  case,  when  a 
field  is  applied  on  the  fiber  it  generates  strains  in  the  outer 
coating  which  arc  transferred  to  the  fiber  core  causing  phase 
modulation. 

In  this  paper  we  consider  the  acoustic  response  of  op¬ 
tical  fibers  in  the  low  frequency  or  hydrostatic*3*  regime. 
In  this  case  the  fiber  coatings  play  a  very  important  role 
in  determining  the  fiber  acoustic  sensitivity.  The  neces¬ 
sary  clastic  moduli  of  many  commercially  available  poly¬ 
mers  were  studied  as  a  function  of  frequency  (10*  —  104 
Hz)  and  temperature  (0  -  35°C).  Utilizing  these  results, 
polymers  optimizing  the  fiber  acoustic  response  have  been 
identified. 

II.  ACOUSTIC  SENSITIVITY  OF  FIBERS 

A  Mach-Zehnder  interferometric  sensor  has  been  uti¬ 
lized  to  detect  phase  modulation  in  single  mode  fibers,  and 
is  shown  schematically  in  Figure  1.  Any  phase  modula¬ 
tion  in  the  sensing  fiber  can  be  detected  by  companug  the 
phases  in  the  sensing  and  reference  fibers.  Fiber  couplers 
are  used  to  split  and  recombine  the  light  beams.  The  pres¬ 
sure  sensitivity  of  the  optical  phase  in  a  fiber  is  defined  as 
Ad/A<£P  where  A< i>  is  the  shift  in  the  phase  <fi  due  to  a 
pressure  change  A P.  If  the  given  pressure  change  Ad  re¬ 
sults  in  a  fiber  core  axial  strain  (z  and  radial  strain  er,  then 


—~  =  fz — ^-[fPii  +  PnVr  +  Rnfi]  (1) 

Here  Pn  and  Pi  2  are  the  elastooptic  coefficients  of  the  core 
and  n  is  its  refractive  index.  The  first  term  in  (1)  is  the  part 
of  Ad/dAP  which  is  due  to  the  fiber  length  change,  while 
the  second  and  third  terms  arc  due  to  the  refractive  index 
modulation  of  the  core,  which  is  related  to  the  photoelastic 
effect*4*. 

In  order  to  calculate  the  sensitivity  as  given  in  Equa¬ 
tion  (1),  the  strains  in  the  core  e*  and  er  must  be  related 
to  the  properties  of  the  fiber  larcrs.  The  strains  in  a  given 
layer  are  related  to  the  stresses  through  the  elastic  moduli  of 
that  layer*5*  while  the  displacements  are  expressed  in  terms 
of  the  strains.  The  constants  involved  in  these  calculations 
are  found  from  the  appropriate  boundary  conditions.  The 
applied  pressure  is  assumed  to  be  hydrostatic*3*.  Having 
calculated  the  various  constants,  the  strains  in  the  core  are 
determined  and  the  sensitivity  is  calculated  using  Equation 
(l)*c). 

In  general,  the  acoustic  sensitivity  is  a  very  strong 
function  of  the  elastic  moduli  of  the  outer  hard  polymeric 
coating  of  the  fiber.  High  sensitivity  can  be  achieved  with 
coatings  of  low  bulk  modulus  and  high  Young’s  modulus 
materials.  This  can  be  understood  from  the  next  two  fig¬ 
ures.  Fig.  2  shows  he  acoustic  sensitivity  of  a  fiber  as  a 
function  of  coating  thickness  for  different  coating  Young’s 
moduli.  All  the  other  parameters  of  the  fiber  were  kept  con¬ 
stant.  As  can  be  seen  from  this  figure,  for  thick  coatings 
the  sensitivity  is  determined  by  the  bulk  modulus  which 
governs  the  fiber  dimensional  change.  For  typical  fibers, 
however,  both  the  bulk  modulus  and  the  Young's  modulus 
are  important.  As  can  be  seen  from  Fig.  3,  high  sensitiv¬ 
ity  requires  low  bulk  modulus  and  high  Young’s  modulus 
coatings.  In  this  case,  the  bulk  modulus  determines  the 
“maximum’’  fiber  dimensional  changes,  while  the  Young's 
modulus  governs  the  fraction  of  these  changes,  or  strains, 
which  can  communicate  to  the  fiber  core. 

The  important  role  of  the  Young’s  modulus  is  also  ap¬ 
parent  from  Fig.  4  where  Ad/(dAPr2)  is  shown  as  a  func¬ 
tion  of  thickness  and  Young’s  modulus  of  the  coating.  The 
bulk  modulus  was  kept  constant  (2.5  x  1010  dyn/cm2).  As 
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can  be  seen  from  Fig.  4,  even  for  small  coating  thickness  a 
high  Young’s  modulus  results  in  high  sensitivity  ah.ce  it  can 
communicate  high  fraction  of  the  applied  stress  to  the  fiber 
core,  while  low  Young’s  modulus  requires  substantial  coat¬ 
ing  thickness.  Therefore,  in  designing  a  compact  sensor, 
both  bulk  and  Young’s  moduli  are  important. 

III.  POLYMERIC  COATINGS 

The  elastic  moduli  of  polymers  required  to  predict  the 
fiber  acoustic  sensitivity  were  studied  as  function  of  fre¬ 
quency  and  temperature.17*  The  frequency  and  tempera¬ 
ture  dependence  of  the  Young’s  modulus  was  obtained  from 
measurements  on  bulk  samples  in  the  form  of  rods  with  di¬ 
ameter  1.5  -  3.5  cm  and  length  5-15  cm.  The  bulk  modulus 
was  considered  to  be  frequency  independent  and  was  mea¬ 
sured  at  only  one  convenient  frequency  (1  MHz).*7’ 

We  have  studied  the  elastic  moduli  of  several  com¬ 
monly  used  thermoplastics,  rubbers,  and  UY  curable  elas¬ 
tomers  (which  are  listed  in  Table  I)  in  the  temperature 
range  of  0  -  35°  C  for  frequencies  102  to  10'*  Hz  and  1  MHz 
which  can  be  found  in  Ref.  7.  The  Young’s  and  the  bulk 
moduli  measured  experimentally  at  1  MHz  at  three  temper¬ 
atures.  The  least  Young’s  modulus  variation  wa-  obtained 
with  Rexolife  (19),  polystyrene  (17,  IS),  polyvinyl  chlo¬ 
ride  (21),  Noryl  (10),  polysulfone  (20),  nylon  (5,  G),  and 
acrylic  (9).  The  least  bulk  modulus  dependence  is  found  in 
polystyrene  (17,  IS),  Rexolite  (19),  polysulfone  (20),  acrylic 

(9) ,  Noryl  (10),  polyvinyl  chloride  (21),  and  nylon  (5). 

In  order  to  obtain  the  frequency  dependence  of  the 
elastic  moduli  of  the  polymers,  the  frequency  dependence 
of  the  Young’s  modulus  was  studied  in  the  range  of  It)2  -  104 
Hz  at  three  different  temperatures  assuming  the  bulk  mod¬ 
ulus  to  be  frequency  independent.  It  was  found  that  away 
from  any  transitions  the  Young’s  modulus  is  proportional 
to  log  of  frequency,  i.e.  E=Alogi0F-f  D.  The  coefficients  A 
and  D  of  the  best  linear  fit  are  listed  in  Ref.  7.  It  was  found 
that  the  used  equation  describes  well  the  Young’s  modulus 
in  most  polymers  in  the  frequency  range  of  102  -  10*  Hz. 

In  general,  as  it  was  expected,  the  Young’s  modulus  de¬ 
creases  as  temperature  increases  or  as  frequency  decreases. 
Similarly,  the  bulk  modulus  decreases  as  temperature  in¬ 
creases.  The  least  temperature  and  frequency  variation  was 
obtained  with  Rexolite  (19),  polystyrene  (17,  IS),  Noryl 

(10) ,  polycarbonate  (14),  polysulfone  (20),  and  nylon  (G). 

Using  the  hydrostatic  analysis  the  acoustic  sensitivity 

of  fibers  coated  with  various  polymers  was  obtained  from 
the  bulk  and  Young’s  moduli  listed  in  Ref.  7.  In  these  cal¬ 
culations,  the  fiber  o.d.  was  taken  to  be  0.35  mm,  a  “thin" 
fiber,  1  nun,  as  used  in  the  tested  sensors,  and  4  mm.  a 
“thick”  coating  case.  The  results  of  these  calculations  are 
listed  in  Table  I.  As  can  be  seen  from  this  Table,  for  fibers 
with  thick  coatings  maximum  sensitivity  is  obtained  with 
Polyurethane  Conap  (29)  and  Uralite  3130  (30).  and  Teflon 
TFE  II  (1)  due  to  their  low  bulk  modulus.  For  fibers  with 
typical  thickness  coatings,  however,  maximum  sensitivity  is 
obtained  with  polystyrenes  (17,  IS)  and  Rexolite  (19)  due 
primarily  to  their  high  Young's  modulus,  and  with  Teflon 


TFE  ( 1 .2).  The  smallest  temperature  and  frequency  depen¬ 
dence  is  obtained  with  polystyrene  (IS),  polyvinyl  chloride 
(21),  Lucite  (9),  and  Noryl  (10).  Small  dependence  is  nLo 
obtained  with  Delrin  (7)  and  Zytel  (101).  On  the  other 
hand,  high  dependence  is  obtained  with  the  soft  UY  cur¬ 
able  elastomers  due  to  the  large  frequency  and  temperature 
dependence  of  their  Young's  modulus. 

Table  II,  column  1.  lists  the  most  promising  polymers 
as  fiber  coatings  for  interferometric  sensors.  The  second 
column  shows  the  calculated  acoustic  sensitivity  of  single 
mode  fibers  coated  with  these  polymers  up  to  1  mm  o.d. 
The  third  column  shows  the  overall  variation  of  the  acoustic 
sensitivity  in  the  temperature  range  of  OR  -  35°  C  and  for 
frequencies  102  -  104  Hz.  The  fourth  and  fifth  columns 
show  the  predicted  minimum  detectable  pressure  when  the 
reference  fiber  of  the  interferometric  sensor  is  coated  with  a 
0.35  mm  o.d.  nylon  (Zytel  101)  and  a  110  o.d,  aluminum, 
respectively.  In  these  calculations  it  is  assumed  that  the 
sensing  fiber  is  30m  and  the  minimum  detectable  phase 
modulation  is  10~6  radians. 

From  Table  II  we  can  see  that  the  highest  sensitivity 
is  obtained  with  TFE  (due  primarily  to  its  low  bulk  mod¬ 
ulus)  with,  however,  significant  temperature  and  frequency 
variation.  The  second  highest  sensitivity  is  obtained  with 
polystyrene  (due  to  its  high  Young’s  modulus)  with  very 
small  temperature  and  frequency  variation.  Rexolite  (it 
cross  linked  styrene  polymer)  and  TFA-340  give  also  high 
sensitivity  and  very  small  variation.  Noryl  gives  high  sensi¬ 
tivity  and  very  small  variation,  and  nylon  gives  small  sen¬ 
sitivity  (due  to  its  high  bulk  modulus)  and  the  smallest 
temperature  and  frequency  variation.  In  general,  good  sen¬ 
sitivity  is  obtained  with  all  Teflons  as  a  result  of  their  small 
bulk  modulus. 

Some  of  the  most  promising  polymers  have  been  used 
as  filter  coatings  in  Fig.  5  which  shows  the  acoustic  sensi¬ 
tivity  of  four  fibers  coated  with  different  coatings.  For  thirk 
fiber  coatings,  high  sensitivity  is  obtained  with  Teflon  TFE 
and  Teflon  FEP  100  due  to  their  low  bulk  modulus.  For 
lower  coating  thickness,  Noryl  results  in  higher  sensitiv¬ 
ity  due  to  its  intermediate  bulk  modulus  and  high  Young's 
modulus. 

IV.  CONCLUSION 

The  low  frequency  acoustic  sensitivity  of  optical  fibers 
has  been  reviewed  and  has  been  found  to  strongly  depend 
on  the  elastic  moduli  of  the  fiber  coatings.  The  elastic  mod¬ 
uli  necessary  to  predict  the  sensitivity  have  been  studied  as 
a  function  of  frequency  and  temperature  and  polymers  op¬ 
timizing  the  fiber  acoustic  response  have  been  identified. 
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Figure  2.  Calculated  Acoustic  Sensitivity  vs  Fiber 
Outer  Diameter  for  Different  Young's 
Moduli  of  the  Outer  Coating. 
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Figure  3.  Calculated  Acoustic  Sensitivity  vs  Bulk 
and  Young's  Moduli  of  the  Fiber  Outer 
Coating 
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Figure  5.  Calculated  low  Frequency  Acoustic  Sensitivity 
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A  FIBER  OPTIC  CABLE  FOR  MILITARY  INSTALLATIONS 


J.  D.  Fridman,  The  MITRE  Corporation,  Bedford,  MA,  U.S.A. 
A.  Goffin,  MOD  Belgium,  Brussels,  Belgium 


Abstract 

An  all  dielectric  fiber  optic  cable  for 
underground  installations  has  been  devel¬ 
oped  for  application  in  military  communi¬ 
cation  networks.  The  cable  was  designed 
to  withstand  rigorous  military  environ¬ 
mental  and  operational  specifications. 

The  performance  of  the  cable  was  tested 
relative  to  characteristics  of  the  optical 
fibers  to  preserve  stated  attenuation  and 
bandwidth  margins.  Cables  were  retested 
in  laboratory  link  length  simulation  tests 
and  after  final  installation  in  the  net¬ 
work.  Field  tests  were  also  performed  to 
establish  the  vulnerability  of  the  cable 
to  explosive  charges. 


Introduction 

Fiber  optic  cables  used  in  underground 
installations  are  available  world-wide 
from  various  manufacturers.  They  are  usu¬ 
ally  designed  and  fabricated  for  commer¬ 
cial  system  applications,  in  which 
adherence  to  strict  military  standard 
specifications  for  their  environmental  or 
operational  performance  is  not  a  require¬ 
ment.  Furthermore,  most  of  these  cable 
configurations  use  metallic  shields  or 
metallic  wire  rods  to  reinforce  their 
structure.  Therefore,  they  are  sensitive 
to  the  coupling  of  high  intensity  electric 
fields  or  to  their  detection  when  in¬ 
stalled  within  trenches. 


fiber  optic  cable,  developed  for  the  first 
time  to  withstand  the  harsh  environment 
created  by  military  engagements. 

Description  of  Cable 

A  photograph  of  the  fiber  optic  cable 
is  shown  in  figure  1.  A  cross  section  of 
the  cable  construction  and  the  disposition 
of  the  fibers,  fillers,  reinforcing  ele¬ 
ments,  Kevlar  strands,  and  outer  jacket 
are  shown  in  figure  2. 


Figure  1.  Cable  With  Four  Fibers 


The  cable  has  the  following 
character i st i cs  : 


Since  available  commercial  cables  did 
not  fulfill  a  specified  need,  it  was  found 
necessary  to  develop  an  underground  fiber 
optic  cable  subject  to  military  environ¬ 
mental  conditions.  The  cable  was  speci¬ 
fied  to  be  of  all  dielectric  construction 
with  dual  wavelength  optimized  fibers, 
designed  to  withstand  rigorous  military 
standard  performance  tests.  The  perfor¬ 
mance  of  the  cable  was  tested  relative  to 
characteristics  of  the  optical  fibers  to 
preserve  specific  attenuation  and  band¬ 
width  margins.  After  field  installation 
the  cable  was  retested  to  confirm  and 
compare  its  actual  performance  against 
laboratory  tests.  This  paper  describes 
the  design  and  tested  performance  of  the 


Number  of  fibers 
Outer  diameter,  D 
Bending  radius 
Weight 

Pulling  force 
Available  lengths 


4  or  6 
12  mm 

20  X  D  =  24  cm 
0.140  k  g/m 
150  kg 
1050  m  and 
2250  m 


Fibers  used  in  the  construction  of  the 
cable  are  optimized  for  dual  wavelength 
operation,  and  their  characteristics  are 
as  f ol lows : 


Type  Graded  Index 

Core/cladding  diameter  50  +  3/125  ^m 

mult imode 


598  International  Wire  &  Cable  Symposium  Proceedings  1988 


10 


1.  CENTRAL  FRP  ELEMENT 

2.  OPTICAL  FIBERS  AND  FILL  .RS 

3.  JELLY 

4.  HDPE  TUBE  FILLED  WITH 

POLYBUTENE  JELLY 

5.  FRP  REINFORCING  ELEMENT 

6.  PLASTIC  FILLERS 

7.  JELLY 

8.  POLYPROPYLENE  TAPES 

9.  HDPE  SHEETS 

10.  REINFORCING  ELEMENT  IN  KEVLAR 

11.  TAPES 

12.  PVC  OUTER  JACKET 


Figure  2  .  All  Dielectric  Underground 
Fiber  Optic  Cable 


Buffer  diameter 


Attenuat ion 


Bandwidth 


Numerical  aperture 


Double  coated 
with  acrylate 
at  325  or  500 

pm 

2.5  +  0.2 
dB/km  ac  850 
nm ;  1.0  +  0.2 
dB/kr.  at  1300 
nm 

^00  MHz •km  at 
850  and  1300 
nm 

0.20  +  0.015 


Fibers  are  color  coded  in  red,  yellow, 
white,  and  black  for  the  four-fiber  cable, 
with  blue  and  green  added  for  the  six- 
fiber  cable.  The  cable  has  been  designed 
and  manufactured  to  incorporate  all  di¬ 
electric  elements  to  reinforce  the  struc¬ 
ture  of  its  fiber  optic  core.  A  central 
dielectric  element  provides  stiffness  foi 
optical  fibers  and  plastic  fillers  in  a 
tube  filled  with  polybutane  jelly.  Four 
reinforcing  elements  and  plastic  fillers 
interspersed  with  jelly  are  then  built 
around  the  tube  containing  the  optical 


fibers.  These  structural  elements  are  in 
turn  wrapped  with  polypropylene  tapes  and 
a  tight  fitting  plastic  tube  to  hold  the 
whole  configuration  together.  The  final 
outer  structure  of  the  cable  is  then  made 
up  of  a  layer  of  Kevlar  strands  for  ten¬ 
sile  load  reinforcement  and  a  PVC  outer 
jacket  to  complement  the  cable 
construction. 

The  cable  is  specified  to  withstand  a 
variety  of  applied  mechanical  loads  such 
as  flexing,  compressive  impact,  tensile 
loading,  and  twisting  with  the  proviso 
that  any  one  of  the  optical  fibers  not  in¬ 
crease  attenuation  by  more  than  0.5  dB/km. 
Cable  performance  has  been  defined  over  a 
-25°C  to  +50 °C  temperature  range  relative 
to  an  optical  fiber  attenuation  change  not 
to  exceed  0.2  dB/km.  In  addition,  the 
cable  is  specified  to  be  made  up  of  mate¬ 
rials  that  have  flame  retardant  character¬ 
istics.  For  instance,  when  set  aflame, 
the  cable  must  be  sel f-ex t i ngui shi ng  with 
a  burning  time  not  to  excee  30  seconds, 
over  a  distance  less  than  its  outer  cir¬ 
cumference.  All  tests  and  procedures  to 
characterize  the  properties  of  the  cable 
have  been  performed  under  the  United 
States  Department  of  Defense  Military 
Standard  1678  ( DOD-MIL-STD-1678 ) ,  Fiber 
Optic  Test  Methods  and  Instrumentation. 

Test  Measurements 


Cable  Tests 


The  manufacturer  systematically  per¬ 
formed  core  and  cladding  geometry  and 
attenuation  and  bandwidth  test  measure¬ 
ments  on  all  optical  fibers.  Forty  1-km 
cables  of  four  and  six  fibers  were  system¬ 
atically  tested  for  their  attenuation 
characteristics  at  850,  905,  1060,  and 
170b  nm.  Results  are  illustrated  in  fig¬ 
ure  3:  an  attenuation  curve  typical  of 
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figure  3.  Cable  Attenuation  Measurements 
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such  fibers  is  indicated  (dashed  line), 
and  the  spread  of  measured  data  shown. 

Most  attenuation  measurements  are  clus¬ 
tered  around  1.0  +  0.2  dB/km  at  1300  nm 
and  2.5  +  0.2  dB/km  at  850  nm,  thus 
meeting  the  specifications. 

One  may  characterize  dispersion  effects 
in  fibers  by  measuring  the  impulse  re¬ 
sponse  of  the  fiber  in  the  time  domain  or 
the  baseband  frequency  response  in  the 
frequency  domain.  Impulse  response  mea¬ 
surements  were  performed  on  all  the  opti¬ 
cal  fibers  supplied  by  the  manufacturer. 
Results  obtained  at  850  and  1300  nm  showed 
a  wide  range  of  bandwidths  extending  from 
1600  MHz*km  to  400  MHz-km,  with  a  mean  of 
780  MHz-km  at  850  nm  and  920  MHz*km  at 
1300  nm. 

The  next  series  of  test  measurements 
were  performed  on  the  fiber  optic  cables 
for  their  thermal,  mechanical,  and  envi¬ 
ronmental  characteristics .  Tests  were 
conducted  over  the  -25°C  to  +50°C  range  at 
850  nm  and  1300  nm.  Results  obtained, 
shown  in  figure  4,  indicate  that  the  vari¬ 
ation  in  the  optical  fiber  attenuation  was 
less  than  0.2  dB/km  over  the  full  tempera¬ 
ture  range. 


CHANGE  IN  ATTENUATION  (dB/km) 


CHANGE  IN  ATTENUATION  (dB/km) 


Figure  4.  Thermal  Characteristics 
of  Fiber  Optic  Cable  at 
a)  850  nm  and  b)  1300  nm 


When  subjected  to  a  variety  of  flex¬ 
ing,  impact,  tensile  loading,  and  twist 
tests  per  DOD-MIL-STD-1678 ,  the  mechanical 
behavior  of  the  optical  cables  was  as¬ 
sessed  relative  to  an  allowed  increase  of 
0.5  dB/km  at  1300  nm.  The  following  test 
results  were  obtained  on  a  six-fiber 
cable.  Note  that  all  fibers  in  the  cable 


were  fused  together  during  the  tests  to 
obtain  an  increased  measurement 
sensitivity. 

*  Cyclical  Flexing:  Method  2010,  Pro¬ 
cedure  II.  A  drum  3  cm  in  diameter 
is  used  to  cyclically  flex  the  cable 
1000  times. 

Increases  in  attenuation  were  ob¬ 
served  to  be  less  than  0.5  dB/km. 
Extending  the  flexing  to  3200  cycles 
broke  one  fiber  in  the  cable  assem¬ 
bly.  When  measurements  were  repeated 
on  a  6-cm  drum,  no  degradation  in  the 
attenuation  of  the  fibers  was  ob¬ 
served  after  1000  cycles. 

*  Impact  Test:  Method  2030,  Procedure 
II.  From  a  height  of  15  cm  a  weight 
of  3  kg  is  dropped  100  times. 

The  increase  in  attenuation  was 
0.12  dB/km. 

*  Compressive  Strength:  Method  2040, 
Procedure  II.  A  load  of  5000  newtons 
is  applied  within  5  seconds  to  the 
cable  assembly. 

At  the  maximal  load  an  increase  of 
attenuation  of  2.1  dB/km  was  ob¬ 
served,  but  the  fibers  completely 
recovered  to  their  initial  state 
after  a  relaxation  time  of  2  seconds. 

*  Installation  Tensile  Loading:  Method 
3010,  Procedure  II.  A  100-meter 
specimen  cable  is  submitted  for  a  du¬ 
ration  of  5  minutes  to  incremental 
tensile  loads  applied  over  a  5-second 
interval . 

A  residual  increase  in  attenuation  of 
0.5  dB/km  was  observed  at  3000  new¬ 
tons.  Other  cable  samples  showed  no 
residual  increase  for  loads  applied 
at  1000,  2000,  3000,  and  4000 
newtons . 

*  Operating  Tensile  Loads:  Method 
3010,  Procedure  II.  A  200-newton 
load  is  applied  to  a  100-meter  spec¬ 
imen  cable  for  a  period  of  72  hours. 

No  increase  in  attenuation  was 
obse  r ved . 

*  Cable  Twist:  Method  2050,  Procedure 
II.  A  2-meter  cable  specimen  is  sub¬ 
mitted  to  alternate  clockwise  and 
counterclockwise  torsions  of: 

180  cycles  at  +180° 

20  cycles  at  +360n 
10  cycles  at  +720° 

No  increase  in  attenuation  was 
observed. 
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♦  Longitudinal  Tightness:  Two  specimens 
of  1  meter  length  are  submitted  for 
periods  of  7  and  16  days  to  1  meter 
of  water  pressure. 

No  water  penetration  was  observed. 

♦  Transversal  Tightness:  External 
sheaths  of  the  cable  are  immersed  in 
1  meter  of  water. 

Dry  gas  was  blown  into  one  end.  Less 
then  1  ppm  of  water  was  measured  in 
the  gas  6  weeks  later. 

♦  Flammability:  Method  5010.  A  fiber 
optic  cable  specimen  is  set  aflame. 

The  burning  time  of  the  cable  outer 
jacket  was  10  seconds  over  a  flame 
travel  distance  of  35  mm.  Both  these 
observables  were  within  the  specifi¬ 
cation  of  30  second  burn  time  at  a 
flame  propagation  distance  of  36  mm. 

System  Simulation  Tests 

Laboratory  simulation  tests  were  per¬ 
formed  with  concatenated  cable  assemblies. 
Three  sets  of  6-fiber  cables  about  1  km 
long  were  fused  together  with  17  splices 
for  a  total  length  of  19.4  km.  Bandwidth 
and  attenuation  measurements  were  then 
performed  at  1300  nm.  A  total  attenuation 
of  20  dB  was  obtained.  Of  this  attenua¬ 
tion  17.4  dB  was  directly  attributed  to 
the  fibers  specifically  used  in  the  ca¬ 
bles,  resulting  in  a  0.15  dB  average  loss 
per  fusion  splice.  The  bandwidth  was  mea¬ 
sured  at  64  MHz,  relative  to  a  theoreti¬ 
cally  calculated  value  of  65  MHz . 

Installation  Tests 

Attenuation  tests  were  performed 
throughout  the  final  network  after  in¬ 
stallation  of  the  cables.  For  optimal 
performance  of  any  link  in  the  network, 
cables  were  selected  and  fused  together  to 
compensate  for  their  attenuation  and  vari¬ 
ations  in  bandwidth.  Since  each  cable  had 
been  measured  out  and  identified  before 
installation,  all  concatenated  links  could 
be  rechecked  and  final  on-site  test  re¬ 
sults  confirmed.  In  a  final  field  instal¬ 
lation  only  one  of  the  cables  laid 
underground  had  to  be  replaced  because  of 
microbending  losses  in  excess  of  0.5 
dB/km.  This  particular  attenuation  in¬ 
crease  was  due  to  a  manufacturing  defi¬ 
ciency  in  one  fiber  of  the  cable  run  that 
was  aggravated  by  greater  than  normal 
earth  movements  during  trench  digging  and 
refilling.  As  a  further  precaution  the 
fiber  optic  cables  were  subsequently  en¬ 
closed  in  impact  resistant  plastic  tubing. 


Explosive  Tests1 

User  concern  over  cable  plant  rug¬ 
gedness  and  survivability  becomes  an 
important  issue  in  military  appl ications . 
Hence  the  susceptibility  to  di mage  or 
failure  of  cables  due  to  explosive  charge 
detonations  or  other  heavy  shock  and 
stress  forces  must  be  better  understood. 
The  capability  of  underground  cables  to 
resist  dynamic  forces  generated  by  explo¬ 
sive  blasts  is  a  function  of  the  cable 
mechanical  design  and  rigidity,  its  loca¬ 
tion  relative  to  the  blast,  and  the  magni¬ 
tude  of  the  explosion. 

Tests  were  performed  at  White  Sands 
Missile  Range,  New  Mexico,  to  evaluate  the 
response  of  buried  fiber  optic  cables  to 
accelerations  and  stresses  developed  by  an 
explosive  charge.  During  these  tests,  ob¬ 
servations  were  made  of  cable  parameters 
that  might  be  affected  by  these  forces. 
Transmission  bit  error  rate  measurements 
were  made  to  determine  cable  performance 
changes,  and  cable  attenuation  profiles 
were  monitored  with  an  optical  time  domain 
ref lectometer .  The  tests  involved  detona¬ 
tion  of  a  250-kg  conventional  charge  in 
close  proximity  to  copper  and  fiber  optic 
cables  buried  both  directly  and  in  protec¬ 
tive  steel  conduits  to  simulate  a  buried 
cable  plant.  The  250-kg  explosive  charge 
equivalent  used  in  these  tests  was  gener¬ 
ated  by  90  lb  of  liquid  ni t ro-methane , 
detonated  with  a  prime  cord  and  booster 
charge . 

Five  different  cables  were  tested, 
including  two  types  of  fiber  optic  cable. 
The  three  metallic  cables  were  50-mm  and 
16-mm  coaxial  (Heliax)  and  a  composite 
cable  produced  by  Cableries  &  Corderies  du 
Hainaut,  Dour,  Belgium.  This  composite 
cable  consisted  of  a  14-gauge  twisted 
pair,  a  22-gauge  twisted  pair,  and  two 
coaxial  cables.  These  four  conductors 
were  all  encased  in  a  double  sheath,  one 
of  corrugated  steel  and  the  other  of  lead. 
The  cable  weighed  approximately  4  lb/ft, 
and  its  mechanical  structure  was  designed 
to  help  withstand  the  impact  of  high  dy¬ 
namic  forces.  Both  optical  cables  were  of 
all  dielectric  construction.  One  was  the 
six-fiber  loose-tube  underground  cable 
described  herein  and  manufactured  by 
Opticable,  S.A.,  Brussels,  Belgium.  The 
other,  which  was  instrumented  for  this 
test,  was  a  four-fiber  tight-bound  tacti¬ 
cal  cable.  The  cables  were  buried  in 
trenches  to  depths  of  1  and  3  meters  at 
distances  of  2.5,  3.5,  and  5.5  m  from  the 
center  of  the  charge  casing. 

The  experiments  demonstrated  the  neces¬ 
sity  to  isolate  cable  structures,  not 


I 
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designed  specifically  to  withstand  explo¬ 
sive  blasts,  in  protective  tubing.  When 
laid  bare,  side  by  side  in  the  same 
trenches,  the  coaxial  cables,  except  the 
one  designed  to  withstand  the  direct  im¬ 
pact  of  the  explosives,  were  crushed  and 
damaged  to  a  far  greater  extent  than  the 
fiber  optic  cables.  Cables  contained  in 
protective  steel  tubing  survived  the 
tests . 


tronic  Systems  Division,  Air  Force  Systems 
Command,  Contract  F19628-86-C-0001  . 
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Conclusions 


Biographies 


The  development  of  an  underground,  all 
dielectric  fiber  optic  cable  has  success¬ 
fully  evolved  from  initial  specifications 
and  laboratory  tests  to  its  final  produc¬ 
tion  phase.  Measurements  made  on  the  fi¬ 
bers  and  cable  assemblies  were  used  as  a 
reference  for  the  final  installation  and 
field  measurements  performed  on  the  total 
network.  Excellent  correlations  have  been 
established  between  the  cable  performance 
in  the  network  and  its  essential  charac¬ 
teristics  established  during  laboratory 
and  factory  measurements.  Test  results 
also  indicate  that  fiber  optic  cables, 
unless  designed  specifically  to  withstand 
large  dynamic  forces,  should  be  installed 
in  steel  tubing  to  increase  their  surviv¬ 
ability  if  they  are  in  the  immediate  vi¬ 
cinity  of  high  probability  impact  targets. 
Otherwise,  they  may  be  directly  buried  in 
the  ground  or  additionally  protected  in 
plastic  tubing. 
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Abstract : 

A  single  mode  bend  insensitive  fiber  (SMBI) 
was  developed  for  applications  where  a 
sharp  bend  is  of  concern.  This  fiber 
outperformed  standard  telecommunications 
single  mode  depressed  clad  fiber  in  two 
types  of  bend  tests  where  the  fiber  was 
wound  on  75mm  and  0.25  inch  diameter 
mandrels.  The  bend  test  results,  the  wound 
fiber  on  canister  results  and  its  low 
temperature  performance  are  discussed. 


1.0  INTRODUCTION 

Radiative  losses  occur  whenever  an  optical 
fiber  undergoes  a  bend  of  finite  radius  of 
curvature.  Fibers  can  be  subject  to  two 
types  of  bends',  fa)  bends  having  radii 
that  are  large  compared  to  the  fiber 
diameter,  e.g.,  such  as  occur  when  a  fiber 
cable  turns  a  corner,  and  (b)  random 
microscopic  bends  of  the  fiber  axis  that 
can  arise  when  the  fibers  are  incorporated 
into  cables.  In  this  papei  the  radiation 
losses  due  to  large  curvatures  fmacro- 
bending)  will  be  addressed. 

For  slight  bends  the  excess  loss  is 
extremely  small  and  essentially 
unobservable.  As  the  radius  of  curvature 
decreases,  the  loss  increases 
exponentially  until  at  a  certain 
cr i tical radi us  the  curvature  loss  becomes 
observable  (1). 

<*c  (dB/km)  =  AcR  >/ie-J  r  (2) 

)  /  * 

where:  Ac  *  33  *  A  *  Ac3/J 

>2 

R  is  the  curvature  radius 

<2  is  the  normalised  frequency 

If  the  bend  radius  is  made  a  bit  smaller 
once  this  threshold  point  has  been  reached, 
^he  losses  suddenly  become  extiemely  large. 


A  standard  single  mode  telecommunication 
fiber  whether  depressed  or  matched  clad, 
shows  high  bend  loss  when  the  fiber  is 
subjected  to  a  sharp  bend. 

By  selecting  the  appropriate  core  profile, 
mode  field  diameter  (MFD),  and  cutoff 
wavelength,  the  bending  loss  of  single  mode 
fiber  can  be  optimized  (3).  Mandrel  tests 
and  pin  array  tests  are  commonly  used  to 
measure  the  bend  loss  of  optical  fibers. 
Recent  experimental  data  (4)  correlated  the 
bend  induced  loss  and  mode  field  diameter 
of  single  mode  matched  clad  and  depressed 
clad  fibers. 

Bv  adjusting  the  profile  parameters  Alcatel 
has  developed  a  modified  single  mode  fiber 
that  has  been  tested  to  perform 
significantly  better  than  a  standard 
telecommunication  fiber  when  subjected  to  a 
sharp  bend.  Procedures  to  evaluate  bending 
loss  performance  and  temperature  cycling 
and  the  experimental  results  are  discussed 
in  this  paper. 

2.0  BEND  LOS 8  PERFORMANCE 

Results  from  mandrel  testing  of  three  (3) 
matched  clad  and  three  (3)  depressed  clad 
single  mode  fibers  are  shown  in  Figure  1. 


Bend  Diameter  (min) 

Figure  1  Mandrel  Test:  Loss  vs  Bend 
Diameter  at  1550nm  for  Three  Pairs  of 
Fibers  Having  Similar  1300-nm  MFDs  (From 
Ref.  4' 


International  Wire  &  Cable  Symposium  Proceedings  1988  603 


Table  2  lists  results  from  both  bending 
tests  comparing  the  attenuation  performance 
of  two  groups  of  telco  type  fiber  having 
different  mode  field  diameters  with  the 


performance  of  the 

modified 

SMBI  fiber 

100  Turn 

1/4  Turn 

Wavelength 

Bend  Loss  E 

lend  loss 

Fiber  Type 

Ua») 

id{J_ 

(dB) 

Standard  Telco 

Single  Node 

Fiber  1  95 

1.3 

0.0 

6 . 5 

1.55 

0.10 

10.5 

Fiber  2  8.5 

1.3 

0.0 

4.8 

1.55 

0.12 

9.5 

SMBI 

1.3 

0.0 

0.03 

1.55 

0.0 

0.30 

Table  2.  Attenuation  Data  on  Bending  Tests 


3.0  TEMPERATURE  CYCLING  PERFORMANCE 

The  SMBI  fiber  is  designed  to  provide 
excellent  bend  insensitivity  at  1 . 3um  and 
1.55um  wavelengths  and  it  is  particularly 
important  when  the  fiber  is  wound  on  a 
canister  and  deployed  at  high  speed.  A 
photograph  of  a  typical  wound  canister  is 
shown  in  Figure  3.  Typically  the  fiber  is 
wound  with  approximately  lOOg  tension.  A 
small  amount  of  adhesive  is  applied  on  each 
layer  of  fiber  for  better  liber  pack 
stability.  When  this  fiber  is  temperature 
cycled  between  -50"C  to  *60UC,  the  loss  is 
negligible  as  seen  in  Figure  4. 


Figure  3.  A  Typical  Wound  Canister 


I 

1 


Figure  4.  Temperature  Cycling  Data  of  a 
Wound  Aluminum  Canister  ot  Singie  Mode  Bend 
Insensitive  Optical  Fiber. 
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It  is  clearly  seen  that  standard 
telecommunication  fiber  exhibits 
significantly  higher  bend  loss  when 
subjected  to  small  diameter  bends.  In 
order  to  reduce  the  high  loss  associated 
••nth  small  diameter  bends,  Al'-atel  has 
developed  a  modified  single  moae  fiber 
which  exhibits  very  low  bending  loss.  Two 
types  of  mandrel  testing  procedures  were 
used  to  measure  the  attenuation  due  to 
bending: 

1.  100  turn  on  a  75mm  diameter  mandrel 
(FOTP  62): 

The  test  fiber  is  carefully  wound  on  a  75mm 
diameter  mandrel  without  overlaps  or 
crossovers  in  the  fiber.  After  winding  100 
turns,  an  additional  1.5m  of  fiber  is  used 
on  each  side  for  injection  and  detection. 
The  loss  is  measured  using  the  standard  cut 
back  method. 

2.  90  degree  bend  on  a  0.25  inch  diameter 
mandrel : 

This  test  determines  the  loss  induced  in  a 
fiber  by  a  single  90  degree  bend  around  a 
0.25  inch  diameter  mandrel.  This  test  is 
intended  to  simulate  the  loss  which  is 
induced  when  a  fiber  is  paid  out  from  a 
wound  canister  (or  bobbin)  during  high 
speed  deployment. 


The  test  fiber  is  wrapped  around  the  0.25 
inch  mandrel  as  shown  in  Figure  2.  The 
fiber  is  positioned  between  two  larger 
diameter  mandrels  with  a  support  weight 
suspended  to  apply  the  tensile  force 
necessity  to  maintain  the  90“  Dend.  Tne 
weight  does  not  have  an  effect  on  the 
measurement  as  long  as  it  is  large  enough 
to  hold  the  fiber  in  contact  with  the 
mandrel  for  the  1/4  turn.  The  change  in 
tiber  attenuation  due  to  the  90  degree  bend 
can  be  calculated  from: 

A  -  -10  log  (Pr/Po)  IdB) 

Wher-'  Fr  and  Po  represent  the  powers 
thru. ib  the  test  fiber  with  and  without  the 
90"  bend  respectively. 

Results  from  the  90“  bend  test  comparing 
standard  telco  depressed  clad  single  mode 
fiber  with  the  modified  single  mode  bend 
insensitive  (SMB1)  fiber  for  various 
mandrel  diameters  are  shown  in  Table  1. 

The  attenuation  performance  of  the  SMBI 
fiber  is  vastly  superior  to  the  telco 
desian  for  bending  diameter  less  than  1.0 
inch. 


fiber  Type 

Wavelength 

Nandre! 

1  Diameters 

( inches ) 

_ ® _ 

L. 0 

SLI5 

0.50 

SL 25 

0.125 

Standard  Telco 

1.30 

0.01 

0.05 

0.78 

7.5 

... 

Singl e-Hode 

1.55 

0.19 

1.18 

4.10 

11.0 

... 

8KB I 

1.30 

0.01 

0.01 

0.01 

0.01 

0.26 

1.55 

0.02 

0.05 

0.05 

0.13 

2. Cl 

Table  1.  90“  Turn  Bend  Loss  ( dB )  Data  for 

Different  Mandrel  Diameters 


FIGURE  2.  90“  Bend  Test  Fixture 
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4.0  SUMMARY  AMD  CONCLUSIONS 


Acknowledgements : 


A  single  mode  fiber  design  was  modified  for 
improved  bend  performance.  It  was  compared 
with  standard  telecommunication  grade 
single  mode  depressed  clad  optical  fibers. 
This  single  mode  bend  insensitive  { SMB I ) 
fiber  showed  minimal  increase  at  1.3  and 
1.55  um  wavelengths  during  the  100  turn 
and  90°  bend  testing.  The  SMBI  fiber  is 
particularly  suitable  where  the  fiber  is 
subjected  to  a  sharp  bend.  This  fiber  can 
be  wound  on  an  aluminum  canister  and 
thermally  cycled  between  -50°C  and  +60°C 
with  an  insignificant  loss  increase  at  1.3 
and  1.55  um.  This  fiber  has  been  deployed 
successfully  at  high  speed. 
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ABSTRACT 

The  design  and  development  of  single-fiber  optical 
cables  for  use  in  tactical  applications  have  been 
completed.  Development  effort  was  guided  by  the 
detailed  design  criteria  provided  by  the  contracting 
organization,  the  U.S.  Army  CECOM.  Four  different 
cable  designs  were  developed  under  this  program.  The 
cable  designs  include  two  different  cable  sizes,  2.5  mm 
and  4.0  mm,  and  two  different  fiber  types,  single-mode 
and  multimode.  Two  different  cable  sires,  one 
lightweight  and  the  other  more  rugged,  were  developed 
in  this  program  so  that  different  cables  can  be  used  for 
different  applications.  The  cable  designs  are  similar  to 
the  two-fiber  single-mode  and  multimode  tactical  cables 
previously  developed  for  the  U.S.  Army.  The  cables  can 
be  used  in  either  one-  or  two-way  transmission.  The 
results  of  optical,  environmental  and  mechanical 
performance  tests  for  the  four  cable  designs  are 
presented  in  the  paper. 


INTRODUCTION 

The  design  and  development  of  single-fiber  optical 
cables  for  use  in  tactical  fiber-optic  applications  have 
been  completed.  This  development  program  was 
funded  by  the  U.S.  Army  Communication-Electronics 
Command  (CECOM).'1'  Four  cable  designs  were 
developed  under  this  program.  The  cable  designs 
include  two  cable  sizes  and  two  fiber  types.  The  two 
different  cable  sizes  are  2.5-mm  and  4.0  mm  in 
diameter.  The  2.5-mm  design  is  compact  and 
lightweight,  while  the  4.0-mm  design  is  similar,  except 
more  rugged  and  thus  can  withstand  more  stringent 
mechanical  environments.  The  2.5-mm  and  4.0-mm 
cables  have  tensile  ratings  of  270  Newtons  and  1350 
Newtons,  respectively.  These  cables  can  be  used  in 
radar  remoting,  robotic  vehicle  control/communication, 
and  other  general  tactical  communication  system 
applications.  The  cables  can  be  deployed  either  from 
backpack,  a  ground  vehicle  or  from  a  helicopter.  The 
cable  size  should  be  selected  based  on  the  application 
and  the  stringency  of  the  mechanical  environment  the 
cable  will  experience. 


The  .  two  different  fiber  types  are  single-mode  and 
multimode  fibers.  The  single-mode  cable  uses  standard 
8.8-,um  mode-field  diameter  single-mode  fiber.  The 
multimode  cable  uses  a  newly  developed  50/125  mm 
core/cladding  radiation-hardened  multimode  fiber.  For 
all  applications,  the  fibers  are  prooftested  to  690  MPa 
(100  ksi).  The  single-mode  cables  can  be  operated  at 
1310  nm  and  1550  nm,  and  the  multimode  cables  can  be 
operated  at  850  nm  and  1300  nm.  The  cables  can  be 
used  in  either  one-  or  two-way  transmission. 

The  operating  temperature  range  of  these  cables  is 
-55  °  C  to  85  “  C.  The  design  criteria  for  the  single-fiber 
cables  are  similar  to  those  used  for  the  two  fiber  single¬ 
mode  and  multimode  tactical  rableg  previously 
developed  for  the  U.S.  Army  CECOMJ2'  PI  I„  U.l 
following,  the  design,  development  and  performance  test 
results  for  the  four  single-fiber  tactical  cables  described 
above  are  presented. 


CABLE  DESIGN 


The  cross-sectional  views  of  the  four  cable  designs  are 
given  in  Figure  1.  All  four  cable  designs  are  all- 
dielectric  and  use  either  the  single-mode  or  multimode 
fibers  described  above.  The  fiber  is  coated  with  a  dual 
acrylate  coating  which  is  mechanically  strippable.  The 
fiber  is  then  tight-buffered  to  1  mm  (.039  inch) 
diameter  with  a  blue-colored  polyester  elastomer.  The 
buffering  material  is  also  mechanically  strippable  in 
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2.5  mm  CABLE  O  D 
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4  0  mm  CABLE  O.D. 
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Figure  1.  Single-Fiber  Optical  Cable  Designs 
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order  to  facilitate  repair  and  connector  termination  in 
the  field.  The  buffering  material  was  chosen  to 
minimize  microbending  losses  induced  by  exposure  of 
the  cable  to  temperature  extremes  of  -55  °C  and  85  °  C 
and  to  meet  the  stringent  mechanical  performance 
requirements.  Aramid  yarns,  which  are  the  main 
tensile-load-carrying  members,  are  stranded  over  the 
buffered  fiber.  Appropriate  amounts  of  aramid  yarns 
are  used  for  the  2.5-mm  and  4.0-mm  cables  to  attain  the 
270  X  and  1350  N  tensile  r'tip-- ,  respectively.  A 
flame-retardant  polyurethane  outer  jacket  is  then 
extruded  over  the  aramid  yarn. 


PERFORMANCE 

The  cables  were  subjected  to  all  the  required  optical, 
environmental  and  mechanical  performance  tests.  The 
fibers  were  also  subjected  to  a  battery  of  optical, 
mechanical  and  dimensional  requirements  before  they 
are  used  in  the  cables.  Typical  results  of  these  single¬ 
mode  and  multimode  fiber  performance  tests  can  be 
found  in  the  References  4  and  5.  These  references  also 
include  temperature  cycling  and  accelerated  aging  test 
results  for  coated  fibers  as  well  as  buffered  fibers. 
Thus,  performance  was  evaluated  both  for  the  finished 
cable  and  the  individual  components.  In  the  following 
cable  performance  evaluation,  two  to  three  cable 
samples  for  each  design  were  used  for  the  environmental 
tests.  For  all  the  mechanical  tests,  the  results 
correspond  to  triplication  of  tests. 

First  an  attenuation  it  f  was  conducted  for  the  finished 
cables.  Typically  the  cables  were  manufactured  in  1-km 
lengths.  The  attenuation  results  for  single-mode  cables 
at  1310  nm  and  1550  nm,  and  multimode  cables  at  850 


nm  and  1300  nm  are  given  in  Figures  2  and  3.  No 
distinction  is  made  for  the  2.5-mm  and  4.0-mm  cables  in 
these  data.  The  requirement  for  single-mode  cables  is 
that  the  attenuation  rate  be  less  than  or  equal  to  0.5 
dB/km  at  1310  nm.  Corresponding  requirements  for 
multimode  cables  are  3.75  dB/km  at  850  nm  and  1.5 
dB/km  at  1300  nm. 

The  two  primary  environmental  tests  are  temperature 
cycling  and  accelerated  aging.  The  temperature  cycling 
used  lor  the  cable  evaluation  is  presented  in  Figure  4. 
The  temperature  range  requirement  for  tactical  cable  is 
from  -46  °  C  to  71  °C.  However,  the  cables  were 
evaluated  for  the  extended  temperature  range  of  -55  *  C 
to  85  °C.  The  results  of  temperature  cycling  for  all  four 
cable  designs  are  presented  in  Figures  5  through  8.  The 
requirement  of  maximum  increase  in  attenuation  for 
single-mode  cables  is  0.3  dB/km  at  1310  nm  and  for 
multimode  cables  is  0.5  dB/km  at  850  nm  and  1300  nm. 
The  results  are  given  for  five  temperature  cycles  for  the 
extended  temperature  of  -55  ’C  and  85  ’C.  The  -46  °C 
and  71  '  C  added  loss  data  were  consistently  lower  than 
the  corresponding  data  at  -55  °  C  and  85  °C.  All  cable 
designs  pass  the  requirements  showing  excellent 
performance. 

The  accelerated  aging  test  consists  of  subjecting  the 
cables  to  a  temperature  of  110°C  for  10  days.  This  test 
temperature  and  duration  simulates  the  mechanical 
response  of  the  cable  materials  to  an  exposure  of  85  °  C 
for  the  design  life  of  20  years.  This  simulation  criteria 
was  arrived  at  using  the  viscoelastic  mechanical 
properties  equivalence  principle  described  in  Reference 
6.  The  results  of  the  accelerated  aging  tests  are 
presented  in  Figures  9  through  11.  The  added  loss 
requirements  for  accelerated  aging  tests  are  the  same  as 
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Figure  2.  Single-Mode  SFOCA  Cable  Attenuation 
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Figure  3.  Multimode  SFOCA  Cable  Attenuation 
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Figure  4.  Temperature  Cycles  for  SFOCA  Cables 
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Figure  0.  Accelerated  Aging  Test  Result  for 
2.5  mm  Single-Mode  Cable 
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Figure  10.  Accelerated  Aging  Test  Result  for 
4.0  mm  Single-Mode  Cable 
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Figure  11.  Accelerated  Aging  Test  Result  for 
4.0  mm  Multimode  Cable 


those  for  the  temperature  cycling  tests.  The  2.5-mm 
multimode  cable  design  was  not  tested  due  to  a 
shortage  of  cable  samples.  These  results  show  excellent 
performance  of  the  cable  in  the  accelerated  aging  test. 

The  cables  were  also  subjected  to  the  required 
mechanical  tests  summarized  in  Table  1.  The  results  of 
the  mechanical  tests  are  also  summarized  in  tabular 
form.  Table  II  presents  the  results  for  primary 
wavelengths,  i.e.  1310  nm  for  single-mode  cables  and 
1300  nm  for  multimode  cables.  Table  III  presents  the 
data  for  single-mode  cables  at  1550  nm  and  multimode 
cables  at  850  nm.  Though  not  requi^d,  a  1-mm  corner 
bend  and  a  radiant  heat  test  were  added  to  the  matrix 
for  a  thorough  evaluation  of  the  cable  designs.  As  can 
be  seen  from  the  tables,  the  4-mm  cable  design  either 
meets  or  surpasses  all  the  mechanical  requirements. 
The  lightweight  2.5-mm  cable  meets  all  the  test 
requirements,  except  for  the  knot  and  the  1-mm  corner 
bend  tests.  However,  the  added  attenuation  at  the 
primary  wavelengths  recovers  after  the  load  is  removed, 
it  should  also  be  noted  that  in  the  1-mm  corner  bend 
test,  the  cable  is  bent  far  below  its  minimum  bend 
radius. 

The  twist  bend  test  specified  in  the  program  uses  the 
test  procedure  DOD-STD-1678,  Method  2060.  In  this 
procedure  a  test  weight  of  10  kg  is  specified  for  all 
cables  less  than  6.1  mm  in  diameter.  The  10  kg 
requirement  of  DOD-STD-1678  is  very  stringent  for 
smaller  diameter  cables.  Most  industry  procedures  for 
similar  tests  specify  weights  which  vary  proportionally 
to  the  cable  diameter.  Thus,  the  number  of  cycles  for 
the  4.0- mm  cables  was  selected  as  1000  cycles,  instead 
of  2(X)0  cvcles  which  is  conventionally  used  in  tactical 
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TABLE  I.  SFOCA  CABLES  MECHANICAL  REQUIREMENTS 


NO. 

TEST 

REQUIREMENTS 

DESCRIPTION 

2.5  mm  O.D.  CABLE 

4.0  mm  O.D.  CABLE 

1 

OPERATING 

TENSILE 

LOAD 

EIA-455-FOTP-33 

180  N  (40  lbf),  5  MINS 
ADDED  LOSS,  A  <  0.2  dB 

EIA-455-FOTP-33 

300  N  (65  lbf),  5  MINS 
ADDED  LOSS,  A  <  0.2  dB 

2 

TENSILE 

STRENGTH 

EIA-455-FOTP-33 

270  N  (60  lbf) 
ELONGATION  <  2  0% 

A  -  NOT  SPECIFIED 

EIA-455-FOTP-33 

1350  N  (300  lbf) 
ELONGATION  <  2.0% 

A  -  NOT  SPECIFIED 

3 

COLD 

BEND 

DOD-STD-1678,  2020 
MANDREL  DLA.  =  12.5  mm 
-46  *  C,  5  kg,  3  TURN 

A  <  0.2  dB 

DOD-STD-1678,  2020 
MANDREL  DIA.  =  20  mm 
-46  *  C,  10  kg,  3  TURN 

A  <  0.2  dB 

D 

IMPACT 

DOD-STD-1678,  2030 

0.5  kg,  15  cm,  100  CYCLES 

A  <  0.2  dB 

DOD-STD-1678,  2030 

1.5  kg,  15  cm,  100  CYCLES 

A  <  0.2  dB 

5 

KNOT 

AT&T  BELL  LABORATORIES 
DIAMETER  =  12  5  mm 

A  <  0.5  dB 

AT&T  BELL  LABORATORIES 
DIAMETER  =  20  mm 

A  <  0.5  dB 

6 

COMPRESSION 

DOD-STD-1678,  2040 

10  1  cm  DLA,  450  N  (100  lbf) 

A  <  0.2  dB 

DOD-STD-1678,  2040 

10.1  cm  DIA.,  1780  N  (400  lbf) 

A  <  0.2  dB 

1 

CYCLIC 

FLEXING 

EIA-455-FOTP-104 
MANDREL  DIA.  =  12.5  mm 

5  kg,  2000  CYCLES 

A  <  0.2  dB 

EIA-455-FOTP-104 
MANDREL  DIA.  =  20  mm 

10  kg,  2000  CYCLES 

A  <  0.2  dB 

8 

.. 

FREEZING  WATER 
IMMERSION 

DOD-STD-1678,  4050 
-10  *C,  6  HOURS 
-2  *  C,  1  HOUR 

A  <  0.2  dB 

DOD-STD-1678,  4050 
-10  *C,  6  HOURS 
-2  ’  C.  1  HOUR 

A  <  0.2  dB 

9 

TWIST 

BEND 

NOT 

REQUIRED 

DOD-STD-1678,  2060 
MANDREL  DIA.  =  20  mm 

10  kg,  1000  CYCLES 

A  <  0.2  dB 

1° 

CORNER 

BEND 

NOT  REQUIRED 

AT&T  BELL  LABORATORIES 

1  mm  RADIUS,  90  N  (20  lbf) 

1  minute,  A  <  0.5  dB 

NOT  REQUIRED 

AT&T  BELL  LABORATORIES 

1  mm  RADIUS,  300  N  (65  lbf) 

1  minute,  A  <  0.5  dB 

11 

RADIANT  HEAT 

NOT  REQUIRED 

AT&T  BELL  LABORATORIES 
900  ’  C,  10  min.,  A  <  0.2  dB 

NOT  REQUIRED 

AT&T  BELL  LABORATORIES 
900 'C,  10  min.,  A  <  0.2  dB 

12 

FLAMMABILITY 

DOD-STD-1678,  5010 

60  ANGLE  TEST 
EXTINGUISH  <  30  sec. 

DOD-STD-1678,  5010 

60  ANGLE  TEST 
EXTINGUISH  <  30  sec. 
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TABLE  n.  SUMMARY  OF  MECf IA  ‘.’’CAL  TEST  RESULTS  FOR  CABLES  AT  PRIMARY  WAVELENGTHS 


TEST 

CABLE  DESIGN  (FIBER  TYPE/  CABLE  O.D.  mm/  BUFFER  O.D.  mm) 

SM/2.5/1.0 

MM/2.5/1.0 

SM/4.0/1,0 

MM/4.0/1.0 

MEAN/MAX  /MAX.  ALLOWED  INCREASE  IN  ATTENUATION  AT  1310nm  FOR  SM  OR  1300nm  FOR  MM 

OPERATING  TENSILE  LOAD 

.00/. 00/. 2 

04/.08/.2 

03/.08/.2 

00/ .01/2 

TENSILE  STRENGTH 

.00/01/- 

.01/04/- 

.OO/.OO/- 

.00/00/- 

COLD  BEND 

.02/04/. 2 

00/  00/.2 

.01/01/2 

.00/.00/. 2 

IMPACT 

00/ .01/2 

.01/01/2 

01/02/. 2 

01/.01/.2 

KNOT 

.59/. 64/. 5* 

.40/  .47  /  .5* 

10/13/  5 

06/.07/.5 

COMPRESSION 

00/  00/  2 

01/.01/.2 

01/. 01/. 2 

01/.02/.2 

CYCLIC  FLEXING 

00/.00/.2 

00/ .00/ .2 

04/09/. 2 

03/.07/.2 

ICE  CRUSH 

.00/00/2 

00/  00/. 2 

.02/  06 /.2 

07/.09/.2 

TWIST  BEND 

- 

- 

.02/. 04/. 2 

04/. 06/. 2 

CORNER  BEND 

6. 10/6. 36/. 5*** 

81/1.13/5** 

.38/. 41/. 5* 

33/  35/  5* 

RADIANT  HEAT 

02/.05/.2 

.02/  06/2 

02/.02/.2 

.08/. 23/. 2 

MAXIMUM  TIME  TO  SELF-EXTINGUISH,  sec  /  MAX  ALLOWED  TIME  TO  SELF-EXTINGUISH,  sec  /  ANY  DRIP’ 

FLAMMABILITY 

15/30/NO  |  15/30/NO 

25/30/NO 

25/30/NO  | 

*  RECOVERED  AFTER  LOAD  REMOVAL 
*•  RECOVERED  TO  32/  37/  5  AFTER  LOAD  REMOVAL 
•**  RECOVERED  TO  .27/  48/  5  AFTER  LOAD  REMOVAL 


TABLE  III.  SUMMARY  OF  MECHANICAL  TEST  RESULTS  FOR  CABLES  AT  SECONDARY  WAVELENGTHS 


TEST 

CABLE  DESIGN  (FIBER  TYPE/  CABLE  O.D.  mm/  BUFFER  O.D.  mm) 

SM/2.5/1.0 

MM/2.5/1.0 

SM/4. 0/1.0 

MM/4.0/1.0 

MEAN/MAX./MAX.  ALLOWED  INCREASE  IN  ATTENUATION  AT  )550nm  FOR  SM  OR  850nm  FOR  MM 

OPERATING  TENSILE  LOAD 

.00/  00/2. 

07/10/  2 

.04/. 11/. 2 

.02/03/. 2 

TENSILE  STRENGTH 

.01/01/- 

.06/.  12/- 

.01/01/- 

.06/11/- 

COLD  BEND 

03/.09/.2 

04/  06/. 2 

01/.01/.2 

00/01/. 2 

IMPACT 

01/01/2 

01/01/.2 

.00/. 01/. 2 

01/. 01/. 2 

KNOT 

4.08/4.46/.5* 

40/  .44/. 5* 

.08/. 13/. 5 

06/08/. 5 

COMPRESSION 

.00/  00/2 

.04/05/. 2 

,01/. 01/. 2 

.02  /  03  /2 

CYCLIC  FLEXING 

00/00/.2 

05/09/.2 

.03/. 07/. 2 

02/. 04/.  2 

ICE  CRUSH 

.00/  00/. 2 

.05/  09/2 

02/. 04/. 2 

.02  /  06/2 

TWIST  BEND 

- 

.02/  05/. 2 

02/05/. 2 

CORNER  BEND 

11.81/12. 22/. 5*** 

1  30/1 . 39/  5“ 

.33/35/5* 

.37/41/5* 

RADIANT  HEAT 

OO/.OO/. 2 

.07/. 13/. 2 

OO/.OO/. 2 

09/  24/. 2 

*  RECOVERED  AFTER  LOAD  REMOVAL 
**  RECOVERED  TO  73/I.13/.5  AFTER  LOAD  REMOVAL 
***  RECOVERED  TO  7-1/1.38/. 5  AFTER  LOAD  REMOVAL 
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application.  The  2.5-mm  cables  were  not  subjected  to 
twist  bend  tests.  EIA-RS-455  FOTP-91  does  provide 
weights  based  on  cable  sizes,  and  the  cables  will  be 
tested  using  this  procedure  in  the  future. 

The  weight  requirements  for  2.5-ram  and  4.0-mra  cables 
were  6.0  kg/km  and  25  kg/km,  respectively.  The 
diameter  and  weight  results  for  the  cables  are  given  in 
Table  IV. 

TABLE  IV.  SFOCA  CABLE  DIAMETER  AND  WEIGHT  RESULTS 


CABLE  DESIGN 
FIBER  TYPE/ 
CABLE  O.D.  (mm)/ 
BUFFER  O.D.  (mm) 

AVERAGE 

DIAMETER 

(mm) 

AVERAGE 

WEIGHT 

|kg/km) 

SM/2.5/1.0 

2.3 

5.3 

MM/2.5/1.0 

2.4 

5.6 

SM/4.0/I.0 

3.9 

12." 

MM/4.0/ 1.0 

3.8 

12.8 

CONCLUSIONS 

The  single-fiber  tactical  cables  described  herein  meet 
and  surpass  all  the  optical,  environmental  and 
mechanical  requirements  imposed  by  the  sponsoring 
agency,  U.S.  Army  CECOM.  Cables  with  different  sizes 
and  fiber  types  have  been  developed  for  use  in  varied 
tactical  applications.  The  technology  utilized  in  the 
design  and  development  of  these  cables  is  similar  to 
that  of  their  two-fiber  predecessors,  enhancing  field 
serviceability,  compatibility  and  maintainability. 
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OPTICAL  FIBER  MODULES  FOR  MILITARY  AND  SPACE  APPLICATIONS 


Mike  Hartmann,  Ron  Landgraff,  Bill  Philipson 


PCO,  INC. 


Optical  fiber  is  now  being  widely  used 
for  commercial  applications.  Military 
applications  are  moving  rapidly  towards 
production.  This  paper  summarizes  the 
status  of  commercial  transceiver 
modules,  and  describes  some  of  the 
efforts  now  in  progress  for  military 
appl ications. 


Introduction 

The  number  of  applications  for  fiber 
optic  communications  links  has  grown 
rapidly  over  the  past  5  years.  Usage 
of  these  links  has  spread  from 
Telecommunications  to  Computer/Oatacom 
to  Military  and  Government  and 
Instrumentat i on  . 

In  the  Computer/Da* acom  and  Military 
applications,  users  are  demanding 
products  with  increasing  levels  of 
integration.  These  integrated  products 
are  described  as  "data  links”. 

This  paper  briefly  reviews  the  status 
of  Data  Link  products  in  commercial  and 
military  applications.  We  summarize 
the  characteristics  of  some  of  the  more 
prominent  commercial  products  and  then 
highlight  some  of  the  more  advanced 
module  developments  being  funded  by  the 
Army  to  illustrate  the  differences  in 
military  applications.  In  the  last 
section  we  review  trends  in  data  link 
products . 

Data  Link  Modules  for  Commercial 
Appl  ications 

Fiber  optic  transmitter  and  receiver 
modules  for  data  communication 
applications  are  available  in  a 
variety  of  performance  categories. 
The  mouules  are  designed  primarily  for 
the  transmission  of  serial  digital 
data,  featuring  compatibility  with  the 
standard  digital  logic  families. 

Transmitter  modules  convert  the  input 
logic  signal  to  infrared  energy  by 
means  of  a  driving  circuit  and  a  light 


emitting  diode  (LED).  Typically,  the 
module  includes  a  receptacle  for 
mating  to  an  optical  fiber  terminated 
with  one  of  the  standard  optical 
connector  types,  SMA  and  ST  being  most 
popular.  Modules  compatible  with  the 
TTL  logic  families  are  available 
for  use  up  to  50  Mb/s,  while  emitter 
coupled  logic  (  E  C  L )  is  used  for 
modules  with  ratings  up  to  200  Mb/s. 
Important  transmitter  specifications 
include  wavelength  of  operation, 
maximum  modulation  rate,  and  level  of 
optical  energy  coupled  to  the  mated 
optical  fiber. 

Receiver  modules  convert  infrared 
energy  back  to  electrical  signals. 
Again,  the  module  housing  usually 
accepts  a  standard  optical  connector. 
Two  very  important  receiver  module 
specifications  include  the  minimum 
optical  signal  strength  required  for 

reliable  conversion  and  the  maximum 
optical  signal  strength  that  can  be 

accepted  without  saturation.  The 
difference  between  these  two  levels 
(sensitivity  level  minus  saturation 
level)  is  a  critical  parameter  in 
defining  the  operating  range  of  an 

optical  data  link.  Of  equal 
importance  are  the  wavelength  of 
operation  and  the  maximum  bit  rate  for 
which  the  module  was  designed. 

Receiver  modules  are  also 
characterized  by  their  compatibility 
with  different  formats  of  the  serial 
digital  data.  Various  formats  for 

serial  data  transmission,  such  as  non¬ 
return  to  zero  (NRZ),  bursty  packet 
transmissions,  continuously  scrambled 
data,  or  continuous  encoded  data,  can 
determine  whether  a  given  receiver 
module  is  usable  in  a  given 
application.  If  usable,  the  data 
format  can  still  affect  the 
performance  of  the  module  or  require 
the  modification  of  the  transmission 
protocol . 

Typical  of  low  cost,  moderate 
performance  data  links  are 
shortwavel ength  products  utilizing  820 
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nanometer  technology.  The  transmitter 
consists  of  an  LEO  (requiring  an 
external  driving  circuit)  typically 
coupling  -16  dBm  of  optical  power  into 
a  62.5/125  micron  optical  fiber  at  up 
to  50  Mb/s.  A  typical  companion 
receiver  is  usable  to  5  Mb/s,  with 
sensitivity  of  -25  dBm,  saturation 
level  of  -9  dBm,  operation  using  5  volt 
power  supply,  and  an  open  collector 
output  for  TTL  or  CMOS  signal  levels. 
This  type  of  link  could  operate  over  a 
4  kilometer  distance  for  a  purchase 
price  below  $100  without  restrictions 
on  the  data  format.  As  data  rate 
increases  to  50  Mb/s,  the  prices  rise 
to  about  $200/pair.  Above  50  Mb/s, 
most  fiber  optic  modules  utilize 
differential  ECL  logic  levels  and  1300 
nanometer  operating  wavelength.  Table 
1  compares  the  offerings  of  three 
vendors  of  products  aimed  at  the  125 
Mbaud  data  rate  market.  Dual-in-line 
metal  packages  with  ST  connector 
compatibility  are  used  by  all  three 
vendors,  with  a  selling  price  on  the 
order  of  $600  or  less  in  small 
quant i ties. 


Table  1 


A 

BBjBQI 

C 

Transmi tter 
&  Receiver 

Packag i ng 

Size  (inches) 
(less  connector) 

1 .00x.48x.35 

1 . 00x . 48x . 37 

1  .77x.94x.35 

Style 

16  pin  DIP 

16  pin  DIP 

24  pin  DIP 

Hermet  i  c 

yes 

n  o 

no 

Connector 

ST 

ST 

Mini  - BNC 

Data  Rate 
(Min/Max) 

MBit/Sec 

10/220 

Electrical  1/0 

10  K  ECL 

Operat i ng  T emp . 
Range  0”C 

0  to  70 

0  to  50 

Power  Supply 

Vol tage 

-5.2  ±  10% 

-4.5  t  5% 

-5.2  t  5% 

Link  Budget 

14-17  dB 

11-13  dB 

13-15  dB 
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Data  Link  Modules  for  Military 
Add! i cat i ons 


Data  link  products  are  planned  for  many 
military  applications  including 
tactical  communications,  underwater 
sensor  systems,  ships,  aircraft  and  the 
space  station.  In  this  paper,  we 
review  some  modules  whose  development 
is  funded  by  the  Army,  which 
illustrate  the  major  trends  and 
requirements  in  the  military  and  jpace 
areas  . 

The  Army  program  calls  for  the 
development  of  a  low  data  rate 
transmitter/receiver  (DC  to  1  Mb/s)  and 
a  high  data  rate  pair  (1  Mb/s  to  50 
Mb/s).  Features  of  these  links  are 
summarized  in  Table  2. 

Surface  emitting  LEOs  were  chosen  for 
their  reliability  and  temperature 
stability.  Figure  1  shows  a  diagram  of 
the  low  speed  link.  The  low  speed  link 
uses  off-the-shelf  ICs,  has  a  single  5 
V  power  supply  for  the  transmitter,  th'e 
link  will  dissipate  about  1.5  watts  and 
has  a  ±  5  volt  supply  for  the 

receiver. 

Performance  goals  of  the  low  speed  link 
are  summarized  in  Table  3. 


Table  3 

Performance  of  Low  Speed  Link 

Transmitter  peak  optical  power 
coupled  to  50/125  m  fiber: 

-14  dBm  typical  at  25°C 

-16  dBm  minimum  at  +85°C 

-12  dBm  maximum  at  -46’C 

Receiver  peak  optical  power 
required  for  10‘®  BER: 

-36  dBm  typical  at  2 5 * C 
-33  dBm  minimum  over  -46’C 
to  +85‘C 

Receiver  saturation  level: 

-12  dBm  worst  case  over  -46’C  to 
+  85°C  range  . 

Link  Budget: 

22  dB  typical  at  25’C 
17  dB  worst  case  over 
-46’C  to  +85 ° C  range 

The  high  speed  link  ’ s  shown  in 
Figures  2  and  3.  This  link  uses  two 
custom- i ntegrated  circuits  and  clock 
recovery  with  phase  lock  loops. 
Performance  of  the  high  speed  links  is 
summari zed  in  Table  4. 


Table  2 

Features  of  Transmitter/Receiver 
Modu 1 e  s 

1300  nm  wavelength  of  operation 
Arbitrary  input  data  format 
Miniaturized  3od  connec t o r i zed 
packages:  16  pin  DIP  or  24  pin 

DIP 

Hermet i cal  1 y  sealed 
Extended  temperature  range 
(-  46’C  to  +85  ’  C ) 

Single  5  volt  supply  or  dual  i  5 
volt  power  supply 
Back-to-back  connection  without 
over  1 oad  i  ng 


Table  4 

Performance  of  High  Speed _ Link 

Transmitter  peak  optical  power 
coupled  to  50/125  m  fiber: 

-14  dBm  typical  at  25’C 
-16  dBm  minimum  at  +85’C 
-12  dBm  maximum  at  -46’C 
Receiver  peak  optical  power 
required  for  10""  BER: 

-36  dBm  typical  at  25’C 
-33  dBm  minimum  over  -46’C 
to  +85 ’ C 

Receiver  saturation  level: 

-12  dBm  worst  case  over  -46’C  to 
+  8 5 ’ C  range. 

Link  Budget : 

19  dB  typical  at  25°C 
16  dB  worst  case  over 
-46’C  to  +85  °  C  range 


620  International  Wire  &  Cable  Symposium  Proceedings  1988 


DATA  — 

LED 
DISABLE 


C 


RX 

~TZ 

^STATUS 


Figure  1.  Low  Speed  Link 
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High  Speed  Link 
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Transmitter  Module. 
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Figure  3.  High  Speed  Link: 

Receiver  and  Timing 
Extraction  Modul e . 
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Data  Link  Trends 

In  commercial  applications,  data  rates 
are  rising  rapidly.  The  FDDI  standard 
calls  for  100  Mb/s  of  data.  Several 
products  operate  to  200  Mb/s  and  above. 
The  integration  of  more  functions 
(coding  and  clock  recovery)  into  the 
module  is  likely.  The  next  generation 
of  products  will  likely  be  laser  based 
and  will  have  data  rates  from  200  to 
1,000  Mb/s. 

For  the  military,  data  rates  will  rise, 
temperature  ranges  will  expand  to  1 2 5 * C 
and  mi  1 -qual i f i ed  parts  usable  in  the 
most  rugged  applications  (aircraft, 
space,  etc.)  will  be  produced. 
Ultimately,  laser-based  products  will 
appear . 


Summary 

It  is  clear  that  data  link  products  are 
finding  application  in  both  commercial 
and  military  applications. 

On  the  military  side,  there  is  a  strong 
trend  towards  integration  of  more 
functions  in  the  basic  data  link  module 
and  a  trend  towards  wider  temperature 
ranges.  Functions  that  are  being 
absorbed  into  the  basic  module  include 
clock  recovery,  multiplexing  and 
demultiplexing,  coding,  alarm  signals, 
etc.  Compact  packaging  continues  to  be 
a  major  concern. 

On  the  commercial  side,  data  link 
modules  are  moving  to  lasers  as 
sources,  lower  cost  (as  usual,  prices 
are  dropping  rapidly),  and  lower  cost 
packages  (albeit,  at  a  sacrifice  in 
temperature  range  and  link  budget). 

The  outlook  for  data  link  products  is 
excellent.  We  now  have  multiple, 
reliable  vendors  with  the 
technological,  financial  and  marketing 
resources  to  produce  the  products 
needed  by  our  customers. 
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TELECOMMUNICATIONS  ON  TAP 


Dr.  Trevor  R.  Smith  and  John  McDermott 


STC  Cable  Systems  Division,  Newport,  Gwent,  NP9  OWS,  U.K. 


ABSTRACT 

A  patented  technique  has  been  developed  and 
trialled,  for  installing  fibre  optic  data  link 
cables  within  live  mains  (ie.  under  pressure  and 
flow  conditions).  The  paper  outlines  some  of 
the  aspects  of  the  design  of  the  cable,  the 
development  of  the  installation  and  retrieval 
techniques,  trials  data  and  operational 
experience  to  date. 


INTRODUCTION 

For  many  years  STC  has  manufactured  power,  data 
auu  Liuii  cdUifco  v,o  o<_  installed 

either  underwater  or  in  water  filled  conduits. 

The  STC  Dataflo  technique  was  originally  patented 
in  1983  and  a  300  m  test  loop  built  to  develop 
the  cable  design  and  installation  system. 

The  objective  was  to  develop  an  installed  cable 
system  using  existing  pipeline  infrastructures . 
This  would  have  the  advantages  of  fast,  easy 
deployment  and  eliminate  expensive  trenching. 

There  would  be  limited  excavation  work  at 
entry/exit  points  and  the  cable  would  be  . no  .oiled 
securely  in  a  damage-proof  environment. 

The  pipeline  is  exposed  only  at  the  entry/e. ;it 
points  for  the  cable.  The  cable  section  length 
is  variable  up  to  17  km,  and  is  normally  selected 
as  the  distance  between  valves. 

An  underpressure  tapping  is  made  into  the  pipe 
using  specifically  designed  saddles.  The  cable 
is  introduced  to  the  pipe  through  a  glanded  entry 
system.  A  drag  inducing  device  guides  the  cabl^ 
towards  the  previously  prepared  exit  point  where 
it  is  accurately  positioned,  captured  and 
retrieved  through  special  seals.  (See  figure  1) 

Cable  sheath  materials  and  pressure  seals  would 
be  selected  to  be  compatible  with  these  pipeline 
liquids.  In  some  cases  there  may  be  a  requirement 
for  the  pipeline  to  be  pigged  -  either  to  scrape 
deposits  from  the  pipewall  or  to  separate  products 
being  transported.  The  cable  system  can  be 
designed  to  survive  with  most  commonly  used  pigs. 
Foam  swabs  would  not  affect  the  .'able  system. 


Once  installed  the  cable  can  be  simply  removed  or 
replaced  if  required. 

CABLE  DESIGN 

Up  to  fourteen  components,  either  fibres  or  fillers, 
are  helically  applied  around  a  centre  strain 
member.  The  fibres  can  be  either  single  or 
multimode,  selected  for  the  transmission  system 
requirements.  The  cable  design  is  suitable  for 
pipeline  pressures  up  to  70  bar  (1015  psig)  and 
has  been  qualified  up  to  150  bar  (2180  psig).  The 
fibres  are  buffered  and  the  cable  is  solid  filled 
to  withstand  the  working  pressure.  (Figure  2) 

Cable  construction  materials  are  selected  not  only 
to  be  compatible  wi^h  the  flaido,  but  also  to  mak: 
the  cable,  when  installed,  approximately  neutrally 
buoyant.  Typical  sheath  materials  are  grades  of 
polyethey lene ,  nylon  or  polyurethane. 

The  cable  is  designed  to  exist  in  the  pipeline 
environment  and  withstand  both  installation  and 
operational  strains. 

The  central  strain  member  will  see  very  high 
tensile  loads  during  deployment,  the  magnitude 
dependant  on  cable  length  and  the  fluid  velocity. 
During  and  after  installation  the  cable  will  be 
subject  to  dynamic  stress,  with  fluid  flow 
possible  in  either  direction.  If  the  pipeline 
i»  to  be  pigged  this  again  will  put  additional 
tensile  and  dynamic  strain  on  the  cable. 

Cable  diameter  is  influenced  by  several  factors. 
Firstly  the  need  to  keep  the  flow  induced  strain 
within  tolerable  limits  (smaller  diar.  •  r-rs  reduce 
the  flow  induced  load).  Secondly  the  need  to  be 
near  neutral  buoyancy.  Thirdly  pipe  routing 
with  tight  bends  necessitating  a  more  flexible 
coble . 

The  cable  diameter  has  to  be  accurately  controlled 
to  ensure  that  the  dynamic  end  static  sealing  ar 
the  cable  enters  and  exits  the  pipeline  does  not 
give  rise  to  leakage. 

Different  forces  act  on  the  cable  during 
installation  and  ler.g  term  operation.  It  ip 
necessary  to  evaluate  both  theso  conditions  to 
ensure  safe  operation  of  the  cable  sys+e;  .  1  raced 
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prudent  design  suggests  that  consideration  is 
also  given  to  the  forces  that  would  be  induced  in 
the  cable  during  a  withdrawal  operation. 

The  forces  acting  on  the  cable  can  be  categorised 
as  ioilows. 

Primary  Forces 

Drag:  due  to  liquid  flow 

Friction:  due  to  cable  weight  in  fluid 
Pressure:  due  to  pressure  at  input  and  exit 

of  cable 

Buoyancy:  due  to  upthrust  of  fluid  on  cable 
Tension:  due  to  final  clamping  forces 

Secondary  Forces 

Gravity:  due  to  cable  weight  in  inclined 

pipe 

Capstan:  due  to  additional  friction  at 

bends 

In  addition  there  are  the  forces  associated  with 
pressure  around  the  cable,  the  bonding  stresses 
on  a  cable  due  to  pulling  off  drums  and  being 
inserted  into  the  pipeline,  and  the  friction 
forces  at  pipe  seals. 

Figure  3  gives  a  diagramatic  representation  of  the 
forces  in  the  pipeline. 

The  drag  forces  are  *  function  of  the  flow  rate. 
When  the  cable  is  stationary  these  forces  are 
highest  (note,  higher  forces  would  be  induced 
when  pulling  against  the  flow). 

Maximum  cable  tension  increases  significantly  with 
length  of  installation.  (Figure  4) 

Friction  of  the  cable  and  the  capstan  effects 
around  bends  only  apply  during  installation. 

A  full  mathematical  model  has  been  developed  to 
determine  the  cable  stresses  and  thereby  confirm 
the  L.able  design  and  installation  parameters.  It 
also  is  used  to  assist  in  the  'flight  plan' 
determined  for  every  installation. 

From  early  trials  work  it  was  realised  that  there 
are  a  large  number  of  installation  parameters 
to  be  considered  as  the  cable  is  launched  into  the 
pipeline  network.  Pressures,  flow  conditions, 
length,  size  of  cable  bends,  topography  etc.,  all 
have  an  influence  on  the  cable.  If  the  cable 
overshoots  its  final  exit  point,  can  it  be  safely 
withdrawn  the  few  centimetres  necessary  for 
successful  capture?  As  a  result  of  this 
experience,  it  was  decided  that  a  plan  of 
installation  would  be  written  for  every  scheme 
detailing  speeds  of  installation  against  the 
environmental  conditions.  This  plan  became 
colloquially  known  as  a  'flight  plan'  because  it 
resembled  an  airline  pilots  operational  procedures. 

This  model  has  been  compared  with  experimental 
data  and  shown  to  give  a  good  correlation. 


(Figure  5)  and  it  has  been  used  '"o  show  how  the 
impact  of  friction  and  bends  influences  the  tension 
along  a  cable  length  during  Installation.  (Figure 
6) 

It  is  possible  to  determine  windows  of  operation 
for  a  successful  installation.  (Figure  7)  Should 
the  operating  conditions  fall  outside  the 
acceptable  window  it  may  be  necessary  to  redesign 
the  cable,  modify  the  flow  rates  for  short  term, 
reduce  the  section  to  give  shorter  length  or 
utilise  a  modified  installation  technique. 

UNDER  PRESSURE  TAPFING 

A  number  of  techniques  are  available  to  .  ap  into 
a  pipeline  while  it  is  operating  unc'.r  fluid  flow 
and  pressure.  Most  involve  the  plae-r.g  of  ; 
saddle  around  the  pipeline  and  the  hole  is  th^n 
drilled  through  a  valved  spigot.  The  appropriate 
technique  would  be  selected  depending  on  pipeline 
material  and  pressure.  Must  underpressure 
tappings  allow  the  swarf  and  the  coupon  removed 
from  the  pipeline  to  be  withdrawn  without 
contaminating  the  fluid. 

The  tapping  would  be  at  right  angles  to  the 
pipeline  unless  the  pipeline  has  to  be  pigged. 

In  this  case  it  would  be  at  30  to  allow  the 
cable  to  be  introduced  without  obstructing  the 
pipeline . 

Experience  has  been  obtained  on  ductile  iron, 
grey  iron,  polyethylene  and  steel  pipelines,  with 
consideration  now  being  given  to  asbestos  cement 
and  PVC .  Current  experience  has  covered  the 
range  63  mm  -  600  mm  nominal  diameter. 

Tools  and  techniques  have  been  developed  to  allow 
all  fittings  necessary  for  the  cable  to  be 
installed  under  pressure  during  the  tapping 
operation.  These  include  quills,  bend  restrictors, 
seals  and  valves. 

Access  chambers  for  vertical  entry  to  the  pipeline 
are  considerably  smaller  than  for  angled  entry 
where  pigging  is  expected. 

installation 

The  cable  is  produced  in  lengths  to  suit:  the 
pipeline  section.  Where  necessary  it  can  bn 
passed  through  a  cleaning  or  sterilisation  process 
before  b^ing  fed  through  the  insertion  equipment. 
This  insertion  equipment  is  designed  to  drive  the 
rabies  through  the  seals  and  into  the  pipeline. 

A  drag  inducing  device  then  guides  the  cable  in 
tr.e  i  1  aid  flow.  The  cable  is  designed  to  be 

..illy  neutrally  buoyant  and  minimum  friction 
i  Apcrienrcd  between  the  cable  and  the  pipn. 

The  cable  system  can  be  deployed  in  most,  pipeline 
configurations  including  bonds  and  vertical 
sec  t i ons .  The  dop ] oymon t  rn t e  j  s  relative  t  o  t  he 
flow  in  the  pipe  and  can  bo  up  to  -t.n  kn/hr 
tie.  lm/ser).  Most  pip*- lines  operate  at 
velocities  below  sm/scr. 
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CONCLUSION 


The  insertion  equipment  is  used  to  control  the 
deployment  speed  and  to  locate  the  cable  for 
capture.  A  'flight  plan'  is  developed  for  each 
installation  and  it  is  usually  possible  to  monitor 
cable  progress  through  sensors  located  outside 
the  pipeline. 

These  sensors  accurately  position  the  cable  end 
for  capture. 

A  considerable  amount  of  experimental  work  has 
been  undertaken  to  develop  drag  inducing  devices 
which  ensure  that  the  cable  is  held  centrally  and 
stably  in  the  flow  to  enable  capture  to  take  place. 
These  drag  inducing  units  vary  in  design  due  to 
the  size  of  pipe,  pressure  and  flow  rates. 

Capture  equipment  enters  the  pipeline  through  the 
prepared  underpressure  tapping  and  the  cable  is 
withdrawn  through  the  seals.  These  tappings  are 
at  30  or  90  to  the  pipeline  dependent  on 
whether  pigging  occurs.  The  cable  will  then  be 
tensioned  to  a  predetermined  level  to  ensure 
optimisation  of  cable  life. 

Experiment  trials  have  involved  proving  these 
techniques  for  continuous  cable  length  up  to 
11  km  and  have  also  involved  ’pumping’  a  cable 
inside  a  duct  up  a  height  of  80  feet. 

TERM I NAT I ON /JOINTING 


Where  the  cable  sections  have  to  be  jointed  to 
form  part,  of  a  completed  cab..e  system  tails  would 
be  taken  from  either  side  of  the  valve  and 
jointed  usinw  normal  fibre  optic  techniques. 
Alternatively,  traditional  cable  laying 
techniques  r.uy  be  employed  to  take  the  cables 
from  the  access  pit  to  an  adjacent  building. 

PIPELINE  INTEGRITY/FRACTURES 

The  under  pressure  tapping  techniques  will  not 
affect  the  integrity  or  certification  of  the 
pipeline.  However,  if  the  pipeline  leaks  or  is 
fractured  it  is  worth  considering  the  position  of 
the  cable. 

Being  within  the  protected  environment  of  the 
pipeline  the  cable  is  less  suseptible  to 
accidental  damage  than  when  simply  trenched  or 
buried  in  conduits.  If  the  pipeline  has  a  minor 
leak,  clamp  repairs  will  not  affect  the  cable. 

If  there  is  a  catastrophic  failure  or  burst  it  is 
likely  that,  the  cable  will  survive  the  initial 
damage.  However,  the  pipeline  operators  main 
priority  will  be  the  reinstatement  of  th^  piped 
service.  If  possible,  the  cable  can  be  easily 
removed,  stored  and  replaced  when  the  work  is 
complete.  Tf  it  is  damaged  during  the  pipeline 
repair  the  installation  of  the  replacement  cable 
is  simple  as  the  end  fittings  are  already  in  place. 

Should  any  pianueu  maintenance  on  the  pipeline  or 
route  changes  be  contemplated,  early  consideration 
can  be  given  to  the  cable. 


The  experimental  stage  has  now  been  completed  and 
the  system  is  being  introduced  commercially  as  a 
proven  alternative  to  conventional  installation. 
The  method  needs  trained  installation  crews  usirg 
the  specially  developed  cable,  equipment  and 
techniques.  The  advantages  of  installation  speed 
and  use  of  existing  condui ts/way leaves  make  it  an 
attractive  proposition  to  both  pipeline  operators 
and  telecommunication  networks.  It  can  be  as 
easily  installed  both  in  the  downtown  areas, 
thereby  reducing  congestion  and  reinstatement 
costs,  and  in  rural  areas  without  need  to  disturb 
crops  and  pasture.  By  being  installed  inside  a 
pipe,  the  risk  of  third  party  interference  is 
reduced . 

Water  and  fire  mains  are  one  of  the  areas  now 
having  these  novel  cable  systems  introduced. 
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ABSTRACT 


This  paper  presents  the  res-ilts  of  a  study 
undertaken  at  Factory  Mutual  Research  Corporation 
to  quantify  the  vertical  fire  propagation  of 
j  cables  using  laboratory-scale  flammability  appara- 

tus,  where  large-scale  fire  radiation  conditions 
are  simulated,  A  new  technique  has  been  developed 
to  quantify  vertical  fire  propagation  rate  from 
the  chemical  heat  energv  released  and  burned  sur — 
face  area  of  the  cable.  his  fire  propagation 
rate  was  found  to  be  proportional  to  the  ratio  of 
radiant  fraction  of  chemical  heat  release  rate  tc 
|  the  thermal  response  of  the  cable;  the  ratio  is 

expressed  as  the  Fire  Propagation  Index  (FPI). 

The  results  from  the  laboratory-scale  ( 500  kW- 
scale)  flammability  apparatus  were  validated  by 
conducting  large-scale  cable  fire  tests  in  the 
5000  kW-scale  flammability  apparatus.  A  labora¬ 
tory-scale  test  method  has  been  proposed  to  clas- 
I  sify  cables  based  on  FPI. 


INTRODUCTION 


Electrical  wires  and  cables  are  insta'led  in 
almost  every  occupancy  and  industry  for  the  pur¬ 
poses  of  power,  control,  and  signaling.  General¬ 
ly,  the  polymeric  materials  used  in  the  wire  and 
c;  hie  insulations  and  jacket  materials  are  combus¬ 
tibles  in  varying  degrees.  These  combustibles 
pose  serious  fire  hazards  in  terms  of  fire  propa¬ 
gation  and  growth,  generation  of  heat,  smoke,  cor¬ 
rosive  and  toxic  compounds1. 


Although  there  exists  several  national  and 
international  standard  test  methods  for  th°  flam¬ 
mability  evaluation  of  cables,  they  are  difficult 
to  use  to  assess  the  fire  hazard  of  cables  in 
large-scale  fires.  In  order  to  evaluate  the  real¬ 
istic  fire  behavior  of  wires  and  cables  in  rela¬ 
tion  to  their  end  use  applications,  it  is  neces¬ 
sary  to  develop  a  small-scale  test  method,  wh°re 
larger-scale  fire  conditions  are  properly  simulat¬ 
ed.  Recently,  a  new  small-scale  test  technique, 
where  flame  radiation  condition  of  large-scale 
fires  are  simulates,  has  been  developed  for  the 
assessment  of  the^vertical  fire  propagation  beha¬ 
vior  for  cables^’-1.  Data  from  these  small-scale 
tests  have  been  validated  through  large-scale 
cable  fire  test 3^. 


In  this  paper,  electrical  wires  and  cables 
are  classified  based  on  their  vertical  fire  propa¬ 
gation  behavior.  Using  fundamental  flame  propaga¬ 
tion  theories,  an  engineering  relationship  has 
been  developed  for  the  vertical  fire  propagation 
rate  for  wires  and  cables  using  experimental  data 
from  small-scale  (500  kW-scale)  and  large-scale 
(5000  kW-scale)  cable  fires.  Based  on  this  rela¬ 
tionship,  a  Fire  Propagation  Index  (rPI)  has  been 
identified  to  classify  wires  and  cables  into  three 
groups.  Group  1  cables  are  not  expected  to  have 
self-sustained  fire  propagation  (fire  propagation 
in  the  presence  of  heat  sources  only).  Fire  pro¬ 
pagation  is  expected  to  be  self-sustained  for 
Groups  2  and  3  cables;  the  fire  propagation  rate 
increases  linearly  with  time  for  Group  2  cables, 
whereas  it  increases  exponentially  with  time  for 
Group  3  cables. 

Finally,  based  on  FPI,  a  small-scale  test 
method  has  been  proposed  to  classify  wires  and 
cables . 

TECHNICAL  BACKGROUND 


Fire  Propagation  Velocity 

In  order  for  a  flame  to  propagate  over  the 
surface  of  a  combustible  solid,  sufficient  heat 
must  be  transferred  from  the  burning  region  to  the 
ur.burned  region  to  rais“  it  to  the  temperature  for 
sustained  ignition.  A  detailed  discussion  per¬ 
taining  to  recent  advances  in  the  experimental 
study  of  the  mechanisms  controlling  flame  propaga¬ 
tion  over  the  surface  of  combustible  solids  has 
been  presented  in  a  rev- ew  paper  . 


Upward  flame  propagation  velo"ity  for  ther¬ 
mally  thick  solids,  in  concurrent  flow  (i.e.,  gas 
flow  is  in  the  same  direction  as  that  of  flame 
propagation),  is  expressed  as3: 


,.1/2  1  /2 

V  =  qf6f  /(T.g 


1  (MKpCy 


J  /2 


where  V  is  in  m/s;  q  is  th*3  radiant  h' 
fl  ax  from  the  flame  to  th£  solid  sarfac*3  (kW 
and  <5^  is  th*3  flame  length  v.r, );  T^g  is  the  i 
tion  or  pyrolysis  temper at  are  (K),  is  the 
b  irned  solid  surface  t^mperat are  (K )  and  (kp 
the  thermal  properties  of  the  solid:  k  is  t 
oondietivity  (kW'T.-K),  d  is  density  (kg/m* l 
is  the  specif in  heat  -kJ/Kg-K). 


at 

/m? ) 
gni  - 
jr.- 
o )  is 
hermal 
and  -1 
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The  denominator  in  Eq  (1)  can  be  defined  as 
the  thermal  response  of  the  surface  of  the  combus¬ 
tible  solid2,  ,  which  is  a  function  of  time  to 
sustained  ignition: 

1/2  1  /2  ■ " 
tlg  a  (Tig  -  Ts)(kpc)  /q  (2) 

•  tt 

where  tj  is  the  time  to  ignition(s),  and  q 
is  the  imposed  heat  flux  to  the  solid  surface 
(kW/m  ). 

in  Eq  (1),  is  taken  as  proportional  to  the 
radiative  fraction  of  chemical  heat  release  rate 
from  the  burning  material  s.jrface,  which  essen¬ 
tially  provides  heat  to  the  unburned  surface  to 
maintain  flame  spread  process: 

qf  a  (xRQ„h)n  (3) 

•  t 

where  xR  is  the  radiant  fraction,  Q0^  is  the 
chemical  heat  release  rate  (kW/m),  and  n  is  less 
than  unity. 

It  has  been  experimentally  shown^for  pool 
fires  that  flame  radiative  heat  flux,  q^, 
increases  and  approaches  an  asymptote  with  the  in¬ 
crease  of  mass  fraction  of  oxygen,  mQ  lnin  the 
environment.  The  asymptotic  val  ie  of2qf  ( for  mQ 
between  0 . 3  ^  to  0.A66)  was  found  to  be  equivalent 
to  the  values  for  large-scale  fires6. 

The  fire  propagation  velocity,  V,  can  be  de¬ 
termined  from  the  following  expression: 

lit)  -  [jj]  [At/Et]  E(t)  (4) 

where  lit)  is  the  burn  out  or  combustion 
length^  (m)  as  a  function  of  time,  W  is  the  width 
of  the  solid  (m),  A-j-  is  the  total  burnt  surface 
area  (m2),  E-p  is  the  total  chemical  heat  energy 
released  (kJ)  from  ignition  to  complete  flame  ex¬ 
tinction  ( A-p/E^.  is  assumed  to  be  constant),  and 
EC  t )  is  the  chemical  energy  released  (kJ)  as  a 
function  of  time,  which  ij  given  by, 

t 

e 

Q  .  Ct)  dt  (5) 

ch 

ig 


The  fire  propagation  velocity 
tion  of  time  is  thus, 


I 

is  a  func- 


V(t) 


dt(t) 

dt 


(8) 


Finally,  by  using  Eqs  (1)  and  (3),  the 
propagation  velocity  can  be  expressed  as 


v’/2“  <xR«'h)rV<V 


T  )  (kpc ) 


1  /2 


(9! 


The  fire  propagation  velocity  in  Eq  (9)  is  propoi — 
tional  to  the  ratio  of  the  radiative  fraction  of 
chemical  heat  release  rate  to  the  thermal  response 
of  the  cable  surface. 


EXPERIMENTAL  APPROACH 


Experiments  were  conducted  in  our  10  kW-,  500 
kW-  and  5000  kW-scale  flammability  apparatuses^, 
shown  in  Figure  1.  About  35  cables  of  various 

types  of  insulation  and  jacket  materials,  includ-  | 

ing  three  solid  pine  cylinders,  were  used  in  the 

laboratory-scale  apparatuses  (10  kW-  and  500  kW- 

scale).  In  order  to  validate  laboratory-scale 

data,  five  cables  out  of  35  cables  were  examined 

in  the  large-scale  apparatus  (5000  kW-scale). 

Ignition  Experiments  in  10  kW-Scale  Apparatus 

'  ~~  " . . .  I 

Cable  samples,  0.10  m  long,  both  ends  covered 
with  aluminum  foil,  were  exposed  to  different 
radiant  heat  flux  values.  In  the  experiments,  the 
time  to  piloted  ignition  was  measured.  No  signi¬ 
ficant  variations  were  found  in  the  oiloted  igni¬ 
tion  data  due  to  vertical  or  horizontal  configura¬ 
tions2.  Figure  2  shows  the  relationship  between 
time  to  ignition  and  external  heat  flux  where  a  ! 

minimum  value  of  external  heat  flux  on  the  X-axis, 
when  (time  to  ignition)  equals  zero,  is  defin¬ 
ed  as  critical  heat  flux  for  piloted  ignition, 
which  separates  the  ignition  and  no  ignition 
zones.  The  inverse  of  the  slope  of  the  linear 
portion  of  the  curve  in  Figure  2  represents  the 
thermal  response,  (Tig  -  Tg)  (kpc)122,  satisfying  . 

the  relationship  in  Eq  (2),  where  proportionality 
constant  is  assumed  to  be  unity. 

Vertical  Fire  Propagation  Experiments  in  500  kW- 
Scale  Apparatus 


where  is  the  chemical  heat  release  rate 
(kW),  integrated  between  ignition  (t^g)  and  ex¬ 
tinction  (te)  times  (s). 


In  case  of  a  single  vertical  cable  cponfigura 


tion,  £(t)  in  Eq  (A)  can  be  written  a: 


Kt)  *  [^]  [at/et]  E(t) 


(6) 


where  d  is  the  outer  diameter  of  the  cable 

(m) . 


For  multiple  cables  in  vertical  wall  configu¬ 
ration  (single  layer)-^ 

fc(t)  -  [■^jjj][AT/ET]  E(t)  (7) 

where  N  is  the  number  of  cables. 


Experiments  were  conducted  in  the  500  kW- 
scale  flammability  apparatus2 ’ ^  using  0.51  and  i 

1.3  m  single  cable  in  vertical  orientation.  The  ! 

cable  was  surrounded  by  a  quartz  tube,  0.30  m  in 
diameter  and  0.63  m  in  length,  extended  to  1.A  m 
by  a  Pyrex  tube  with  similar  diameter.  Air  with 
an  oxygen  concentration  of  30-A0J  was  introduced 
at  the  bottom  of  the  quartz  tube  with  a  gas  velo¬ 
city2  of  0.11  m/s,  simulating  flame  radiation- 

dominated  large-scale  fires.  The  cable  was  sur-  | 

rounded  at  the  bottom  by  four  coaxially  placed 
t'ungsten-quartz  radiant  heaters.  Th»  external 
h°at  flux  zone  (from  these  radiant  heaters)  was 
about  0.20  m  vertical  length  from  the  bottom  of 
the  eabl“.  In  the  experiments,  peak  external  heat 
fl  ix  value  of  50  kW/m2  was  used.  Thus,  both  ex¬ 
ternal  heat  flux  assisted  fire  propagation  and 

self-sustained  fire  propagation  beyond  external  I 
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Figure  1.  Flammability  Apparatuses  used  in  the  Experiments:  A)  10  kW-scale;  B)  500  kW-scale; 
and  C)  5000  kW-scale. 


heat  Flux  zone  was  quantified.  All  the  Fire  pro¬ 
ducts  generated  during  fire  propagation  were  cap- 
t  ired  in  the  sampling  duct,  where  measurements 
were  made,  as  functions  of  time,  for  generation 
rates  of  CO,  C02,  total  gaseous  hydrocarbons,  op¬ 
tical  density  of  smoke,  and  depletion  rate  of  oxy¬ 
gen.  In  addition,  visual  observations  were  made 
for  time  to  ignition  and  extent  of  fire  propaga¬ 
tion.  The  chemical  heat  release  rate  was  caloi- 
lated  from  the  generation  rates  of  CO  and  COj  as  a 
f  inction  of  time. 

Vertical  Fire  Propagation  Experiments  in  5000  kW- 
Seale  Apparatus 

The  results  from  the  500  kW-scal®  apparatus 
we.'o  validated  by  conducting  large-scale  cable 
fire  tests-’  in  the  5000  kW-scale  flammability  ap¬ 


paratus,  which  uses  the  same  measurement  princi¬ 
ples  as  the  10  kW-  and  500  kW-scale  apparatuses. 
For  the  tests  in  the  5 000  kW-scale  apparatus,  mul¬ 
tiple  cables  in  a  vertical  wall  configuration  were 
used.  A  single  layer  of  cables  was  attached  dia- 
meter-lo-diameter  on  two  vertical  Marinite  sheets. 
Each  sheet  was  about.  0.61  m  wide  and  A .  9  m  long. 
The  two  Marinite  sheets  were  about  0.31  m  apart, 
with  cables  facing  each  other.  In  such  parallel 
configuration,  heat  flux  to  the  cable  sur¬ 

faces  was  enhanced  approximately  50J^.  A  6l  kW 
(210,000  BTU/hr)  propane  sand  burner  {0.305  m  by 
0.61  m  and  .305  m  deep)  with  a  flame  height  of 
about  0.5  m  was  used  as  an  igr.it.. in  source  and  was 
located  between  the  sheets  for  uniform  heating, 
shown  in  Figu;  1C.  Similar  measurements  we-o 
made  in  the  sampling  diet  as  in  the  500  kW-scale 
apparat  us. 
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Figure  2.  Relationship  between  tlae  to  ignition  end 
external  heat  flux. 

EXPERIMENTAL  RESULTS 


Fire  Propagation  Index 

Figure  3  presents  the  fire  propagation  velo¬ 
city  versus  the  ratio  of  radiative  fraction  of 
chemical  heat  release  rate  to  the  thermal  response 
of  the  cable  surface  for  0.51  and  1.3  m  long 
single  vertical  cables  in  the  500  kW-scale  appa¬ 
ratus.  The  fire  propagation  velocity,  V  (m/s), 
and  chemical  heat  release  rate,  Q0(1/^d  (kW/rr.) 
''where  d  =  outer  diameter  of  the  cable),  are  the 
peak  average  valu°sJ.  x p ,  the  radiative  fraction, 
is  generally  equal  to  O.uO  for  turbulent  fires.  V 
values  were  determined  by  using  Eqs  (6)  and  (6), 
with  the  experimental  valies  of  EU)  and  A^/E-p 
Q„h  was  measured  in  the  experiments  and  thermal 
response,  AT(kpcr/2  (where  AT  =  Tig  -  Tg),  was 
determined  from  ignition  experiments.  In  Fig¬ 
ure  3,  an  excellent  data  correlation  for  cables 
and  solid  pine  cylinders  can  be  noted,  which 
satisfies  the  engineering  relationship  in  Eq  (5) 
with  n  *  1 /3 . 


(XR«W"<1>1/5  /  AT  (kpc  )■/*  [m1/7kW2/V/z] 


Figure  3-  Fire  propagation  velocity  versus  ratio  or  radiative 
fraction  of  cheaical  heat  release  rate  to  the  thermal 
response  of  the  cable  surface  for  0.5*  aruj  V]  i  Jong 
•ingle  vertical  cables  in  the  500  kW-scale  apparatus 


It  has  been  previously  shown3  that  V  val ues 
for  cables,  from  5000  kW-scale  apparatus  (calcu¬ 
lated  by  using  Eqs  <7)  and  (8))  and  corrected  for 
50?  enhancement  of  the  heat  flux  to  the  cable 
surface,  showed  an  excellent  correlation  with  the 
V  values  for  the  same  cables  (calculated  by  using 
Eqs  (6)  and  (8))  from  500  kW-scale  apparatus. 

Figure  3  is  divided  into  three  regions  (based 
on  the  parameter  in  X-axis)  identified  as  Groups 
1,  2  and  3.  Cables  falling  in  Group  1  have  virtu¬ 
ally  no  self-sustained  fire  propagation  unless 
heat  sources  are  provided.  Cables  in  Group  2  have 
sel f-sustai ned  fire  propagation  which  increases 
linearly  with  time.  Group  3  cables  have  very 
rapid  self-sustained  fire  propagation  which  in¬ 
creases  exponentially  with  time. 

Based  on  the  three-group  regions  in  Figure  3, 
the  parameter  in  X-axis,  is  thus  expressed  as  Fire 
Propagation  Index  (FPI),  which  is  multiplied  by 
1CH  for  rmjnd  numbers.  FPI  as  a  function  of  time 
is  expressed  as: 

(10) 

FPI(t)  -  :<X0C  .  (t)/7Td)  "/AT(kpc)  X  103 
n  cn 

For  multiple  cables  in  vertical  wall  configuration 
(single  layer  of  cables), 

(11) 

FPI(t)  =  [CXdQ  (t)/mdH)1/3/AT/kpc)1/2;  x  103 
k  on 

wh<»re  N  is  the  number  of  cables. 

As  an  example,  Figures  4  through  8  show  the 
plot  of  FPI  as  a  function  of  time  for  some  selec¬ 
ted  cable  samples  from  both  small-scale  and  large- 
scale  experiments,  where  group  boundaries  for 
classification  of  cables  a-e  shown.  For  Group  1 
cable,  FPI  is  less  than  10;  for  Group  2,  FPI  is 
equal  to  or  greater  than  10  but  less  than  20;  and 
for  Croup  3,  FPI  is  equal  to  or  greater  than  20. 

PVF  cable  in  Figure  !|  is  classified  as  Group 
1  cable.  Its  fire  propagation  was  n.t  self- 
sustained.  Extent  of  fire  propagation  remained 
within  the  ignition  zone  (heat  source,  uoth  in 
small-scale,  as  well  as  in  large-scale  experi¬ 
ments. 

Figure  5  shows  fire  propagation  for  PE/PE-Cl 
cable  in  the  small-scale  experiment  fa  large-scale 
experiment  was  not.  performed  with  this  cable). 

Fire  propagation  was  sel  f-3  i3tain«<!  for  this  cable 
and  fi-e  propagated  all  the  way  to  the  t op  of  the 
cable  at  a  steady  -ate.  This  cable  is  classified 
as  Gr- up  2  cable. 

PE/P  VC  cable  in  Figure  f,  ;3  classified  .as 
Group  3  cable.  Fire  propagated  very  rapidly  both 

in  small-scale,  as  well  as  in  1  arge-gca  i  e  experi¬ 
ments  . 


:i  to  va- .  ■ 
msl  l-sc-i! 
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figure  4.  FPI  as  a  function  of  time  for  PVF/none  cable; 
diameter  -  0.0050  m. 


Table  1  also  indicates  tnat  FPI  values  not 
only  vary  for-  cables  with  different  insulation  and 
jacket  materials  but  also  vary  for  cables  with 
similar  type  of  insulation  and  jacket  materials 
because  of  differences  in  additives,  cable  con¬ 
struction  and  size  of  the  conductor. 

Standard  Small-Scale  Fire  Test  for  Cables 

Based  on  the  stjdies  we  presented,  it  is 
possible  to  propose  a  standard  small-scale  fire 
test  using  an  apparatus  similar  to  that  in  Fig¬ 
ures  1A  and  IB,  a  single  vertical  cable  with  a 
length  of  0.51  m  (surrounded  by  a  quartz  tube  of 
0.61  m  long  and  0.30  m  in  diameter)  and  air  with 
an  oxygen  concentration  of  U 01  at  a  flow  rg t"  of 
0.11  m/s  and  external  heat  flux  of  50  kW/m^  at  the 
bottom  as  an  ignition  source.  Fire  products  gene¬ 
rated  during  fire  propagation  are  captured  in  the 
sampling  duct  of  the  apparatus  where  measurement 
can  be  made  for  chemical  heat  release  rate  as  a 
function  of  time.  By  using  the  radiative  fraction 
of  this  chemical  heat  release  rate  per  unit  cir¬ 
cumference  of  the  cable  raised  to  the  one-third 
power,  and  thermal  response  data  (determined  from 
ignition  experiments),  a  fire  propagation  index 
can  be  derived  ( Eq  10)  and  plotted  as  a  function 
of  time  as  shown  in  Figures  4  through  6.  Based  on 
the  group  boundaries  in  Figures  A  through  6,  a 
cable  can  thus  be  classified  as  Group  1,  2  or  5  in 
terms  of  its  fire  propagation  characteristics. 

FPI  should  not  touch  the  group  boundaries  at  any 
time  during  the  test  in  order  for  a  cable  to 
qualify  for  a  particular  group  classification. 

CONCLUSIONS 


Figure  5.  FPI  as  a  Function  of  time  For  PE/PE-C1  cable; 
diameter  0.0094  m. 

(5000  kW-scale)  apparatuses.  Table  I  shows  a  good 
agreement  between  data  from  small-scale  and  large- 
scale  tests  in  terms  of  FPI.  This  suggests  that  a 
small-scale  test  method  for  cable,  where  large- 
scale  fire  conditions  are  properly  simulated,  can 
be  used  for  Cable  classification. 


Figure  6.  FPI  as  a  Function  of  time  for  PE/PVC  cable; 
diameter  =  0.011  m. 


1.  Based  On  the  application  of  theoretical  ex¬ 
pression  for  flame  spread,  an  engineering 
relationship  has  been  developed  for  the 
vertical  fire  propagation  rate  for  cables 
using  experimental  data  from  laboratory-scale 
and  large-scale  cable  fires. 

2.  Fire  propagation  rate  can  be  calculated  as  a 
function  of  time  using  chemical  energy  re¬ 
leased  during  fire  propagation  and  burned 
sirface  area  of  the  cable. 

3.  Oxygen  concentration  of  30-40?  in  the  gas 
flow  can  be  used  for  the  laboratory-scale 
cable  samples  to  simulate  the  fire  propa¬ 
gation  rate  expected  in  larger-scale  cable 
fires.  Vertical  fire  propagation  data  in 
small-scale  tests  hav°  been  validated  through 
large-scale  tests. 

4.  Fire  propagation  rate  is  expected  to  depend 
on  the  type  of  polymeric  material  used  in 
cable  insulation  and  jacket,  outer  diameter, 
size  of  the  conductor,  cable  construction  and 
initial  surface  temperature  of  the  cable. 

5.  A  fir0  propagation  ind°x  has  been  identified 
to  classify  cables.  A  small-scale  test 
m°thod  thus  can  b°  used  to  classify  cables 
based  on  this  fi-e  propagation  index. 
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TABLE  I 

CLASSIFICATION  OF  ELECTRICAL  CABLES  BASED 
ON  FIRE  PROPAGATION  INDEX  (PEAK  AVERAGE  VALUES) 


Polymeric  Materials 

Diameter 

(») 

Small-Scale 

(single  cable) 

Length  =  0.51  ■  Length  =  1 

Large-Scale 
(multiple  cables) 

.3  m  Length  =  4.9  ■ 

Cable 

Class. 

(Group) 

Insulation  Jacket 

FP1 

FPI 

FPI 

PVC 

PVC 

0.0036 

32 

N 

N 

3 

PVC 

PVC 

0.0044 

26 

N 

N 

3 

PVC 

PVC 

0.0092 

15 

14 

N 

2 

PVC 

PVC 

0.013 

11 

N 

N 

2 

PE 

PVC 

0.011 

23 

N 

32 

3 

EP 

PVC 

0.011 

12 

11 

N 

2 

PVC 

EP 

0.034 

7 

N 

N 

1 

PE 

PF 

0.0094 

17 

N 

N 

2 

PE 

PE -Cl 

0.0094 

17 

N 

N 

2 

EP 

£P 

0.016 

6 

6 

N 

1 

EP 

EP 

0.025 

5 

5 

N 

1 

XPE 

XPE 

0.0095 

N 

13 

N 

2 

XPE 

XPE 

0.011 

11 

N 

N 

2 

XPE 

EVA 

0.012 

7 

N 

9 

1 

XPE 

EVA 

0.022 

7 

6 

N 

1 

XPE 

PCP 

0.015 

9 

N 

7 

1 

XPO 

XPO 

0.016 

9 

9 

9 

1 

EP 

PE -Cl-S 

0.0035 

22 

N 

N 

3 

EP 

PE-Ct-S 

0.0043 

21 

N 

K 

3 

EP 

PE -Cl-S 

0.016 

7 

7 

N 

i 

EP-FR 

None 

0.028 

N 

7 

N 

1 

PE -Cl 

None 

0.015 

11 

11 

N 

2 

ETFE 

EA 

0.010 

5 

N 

N 

1 

PVF 

None 

0.0050 

6 

N 

7 

1 

FEP 

FEP 

0.0079 

N 

3 

N 

1 

FEP 

FEP 

0.009 2 

3 

N 

N 

1 

Solid 

Pine3 

0.013 

N 

15 

N 

2 

Solid 

Pine3 

0.019 

N 

14 

N 

2 

Solid 

Pine3 

0.029 

N 

13 

N 

2 

a:  Solid  cylinder;  N :  Not  measured;  Cl;  Chlorinated;  Cl-S:  Chloro-Sulfonated ; 
EA ;  Ethylene-acryilc  copolymer;  EP:  Ethylene-propylene  copolymer;  EVA: 
Ethylene-vinyl  acetate  copolymer;  ETFE:  Ethyiene-tetra  fluoroethylene  copolymer; 
FR:  Fire  retarded;  FEP:  Fluorlnated  ethylene  propylene;  PE:  Polyethylene; 

PCP:  Polychloroprene ;  PVC:  Poly(vlnylchloride) ;  PVF:  Polytvinyildene 
fluoride);  XPE;  Cross-linked  polyethylene;  XPO:  Cross-linked  polyolefin. 
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USING  COMBUSTION  TOXICITY  DATA  IN  CABLE  SELECTION 


Stanley  Kaufman 
James  J.  Refi 
AT&T  Bell  Laboratories 
Norcross,  Georgia 


ABSTRACT 

As  a  result  of  New  York  State’s  combustion  toxicity 
reporting  requirements,  combustion  toxicity  data  are 
available  on  all  electrical  cables  sold  in  NY.  To  use 
these  data  in  cable  selection,  a  method  is  presented 
for  converting  lethal  concentration  (LC5o)  data 
expressed  in  weight  of  material  (grams)  into  lengths 
(meters)  for  comparing  wire  and  cable.  Since 
combustion  toxicity  data  alone  should  not  be  used 
for  cable  selection,  an  approach  to  choosing  safe 
cables  is  suggested  which  considers  flame  spread, 
smoke  emissions  and  LCso  expressed  in  length.  A 
full  scale  validation  test  of  this  approach  is  proposed. 

INTRODUCTION 

With  the  adoption  of  New  York  State’s  combustion 
toxicity  reporting  requirements,1 1*1  a  large  volume  of 
combustion  toxicity  data  was  generated  by  the  wire 
and  cable  industry  and  made  available  for  cable 
purchasers  and  specifiers  of  electrical  cable.  The 
sponsors  of  the  NY  law  hoped  that  when  these  data 
became  available,  it  would  create  market  demands 
for  safer  cables  to  which  the  wire  and  cable  industry 
would  respond. 

The  objective  of  this  paper  is  to  present  an  approach 
for  using  combustion  toxicity  da  a  along  with  other 
fire  data  to  help  a  cable  specifier  choose  safer  cables. 
Before  being  enacted,  public  hearings  and  debate 
surrounded  the  adoption  of  New  York’s  toxicity 
reporting  law.  Rather  than  revisit  those  issues,  we 
take  the  position  that  a  database  of  combustion 
toxicity  information  exists  and  these  data  can  be 
used  wisely  or  unwisely.  We  suggest  ways  of  viewing 
the  data  that  have  the  greatest  potential  for  leading 
to  safer  cables. 

The  data  used  in  this  paper  were  generated  by  the 
Arthur  D.  Little  company  under  a  contract  with  the 
National  Electrical  Manufacturers  Association 
(NEMA).  The  principal  investigators  were  Rosalind 
C.  Anderson  (toxicologist)  and  Peter  W.  Kopf 
(chemist). 


Rosalind  C.  Anderson 
Anderson  Laboratories 
Dedham,  Massachusetts 


University  of  Pittsburgh  Test  Protocol 

New  York  state  required  that  combustion  toxicity 
data  be  generated  in  the  University  of  Pittsburgh 
combustion  toxicity  test^  illustrated  in  Figure  1.  In 
this  test,  animals  are  exposed  to  fumes  generated  by 
materials  heated  in  an  oven.  The  materia!  is  heated 
at  20°  C/minute  and  animal  exposure  is  initiated  at  a 
sample  weight  loss  of  1%;  animal  exposure  then 
continues  for  30  minutes.  After  a  10  minute  recovery 
period,  the  test  animal  mortality/snrvival  ratio  is 
noted.  The  test  is  conducted  several  times  (4-10) 
with  increasing  sample  weights,  and  a  response  curve 
of  sample  material  weight  versus  mortality  generated. 
A  statistical  method  is  used  to  calculate  the  mid 
point  of  the  log-weight  versus  mortality  curve  and 
this  mid  point  is  reported  as  the  LC50  value 
(concentration  of  material  which  causes  50% 
mortality  of  the  test  animals,  i.e.  lethal 
concentration)  for  the  tested  material.  The  unit  of 
LC50  is  grams. 


Figure  I.  Test,  apparatus  for  the  University  of 
Pittsburgh  combustion  toxicity  test. 

In  the  NEMA  study,  two  materials  were  used  as 
intralaboratory  controls,  a  nylon  6/6  and  a 
commercial  PV'C  compound.  Figure  2  shows  the 
distribution  of  test  results  for  nylon:  the  results  are 
tightly  clustered  between  5  and  10  grams. 
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Figure  2.  Histogram  of  the  University  of  Pittsburgh 
test  results  on  nylon  6/6  control  samples. 

In  contrast  to  the  results  on  the  nylon  samples,  the 
results  of  the  tests  of  the  PVC  control  samples 
(Figure  3)  are  more  widely  scattered.  In  general,  it 
was  found  that  test  data  from  halogenated  materials 
are  less  reproducible  in  this  test  system  than  are  data 
from  materials  without  halogens.  Replicate  samples 
of  halogenated  materials  vary  by  as  much  as  a  factor 
of  three.  The  reason  for  this  is  not  precisely  known; 
however,  data  from  the  Vinyl  Institute!3!  suggest  that 
smoke  containing  HCI  is  highly  reactive  and  changes 
composition  rapidly,  and  that  the  change  in 
concentration  is  dependent  on  time,  humidity  and 
type  of  surface  in  contact  with  the  smoke. 


Number  of 
Samples 


LCso  Values  (grams) 

Figure  3.  Histogram  of  the  University  of  Pittsburgh 
test  results  on  PVC  control  samples. 


The  LC50  and  Product  Comparisons 

The  potency  of  fumes  is  described  by  the  LC50  value. 
This  value  defines,  in  grams,  the  mid  point  of  the 
active  portion  of  the  concentration  response  curve, 
and  provides  a  convenient  way  to  compare  materials. 
Before  making  conclusions  based  on  these  test  values, 
there  are  two  important  points  to  note. 

The  first  consideration  is  that  the  LC50  value,  being 
expressed  in  units  of  grams,  is  not  immediately 
informative  about  a  product  constructed  or  used  on  a 
different  basis.  The  desirable  unit  for  measuring 
safety  should  include  both  the  toxicity  of  the 
material  and  the  quantity  used.  For  wires  and 
cables,  the  critical  dimension  for  comparison  of 
products  is  the  length  of  cable  that  might  cause 
death  for  50%  of  the  test  animals,  rather  than  the 
weights  of  these  cables.!4!  For  carpets,  the  dimensions 
for  comparison  would  be  surface  area  rather  than 
weight!4!. 

The  second  important  principle  is  that  in  combustion 
toxicology,  as  in  most  biological  work,  the  logarithms 
of  the  lest  values,  rather  than  their  measured  values, 
define  the  important  relationships  between  tested 
products.  Products  for  which  LC50  values  are 
measured  as  10  and  20  grams  are  related  similarly  as 
products  with  LC50  values  of  1  and  2  grams,  or  100 
and  200  grams.  In  each  of  these  examples,  the  first 
product  is  numerically  twice  as  toxic  as  the  second. 
It  can  be  seen  from  control  data  that  except  for 
chlorinated  materials,  reproducibility  is  within  a 
factor  of  two.  For  this  reason,  it  is  difficult  to  argue 
that  materials  in  which  LC50  values  differ  by  a  factor 
of  two  have  different  toxicities.  There  is  an  ongoing 
debate  among  toxicologists  about  how  different 
(factors  of  2,  5  and  10)  the  LC50  of  two  materials 
should  be  before  the  materials  are  considered  to  have 
different  toxicities J5!  6! 

THE  NEMA  CLASSIFICATION  SCHEME 

In  the  NEMA  classification  scheme,  there  are  5  single 
material  major  categories  and  12  multiple  material 
major  categories.  In  the  interest  of  brevity,  we  shall 
consider  only  the  single  material  categories. 

PVC 

All  PVC  compounds  were  placed  in  a  single  category 
regardless  of  plasticizer,  stabilizer,  filler,  flame 
retardant  or  smoke  suppressant.  The  mean  LC50  for 
PVC  is  17.6  grams  with  98%  of  the  population 
between  8.5  and  32.9  grams. 

Polyolefins 

Like  PVC,  all  polyolefin  plastics  were  placed  in  a 
single  category,  including  unfilled  polyethylenes  and 
polypropylenes  used  in  outside  plant  cable  as  well  as 
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fire-resistant  (filled)  polymers  and  crosslinked 
polymers.  Polyolefin  rubbers  were  placed  in  the 
hydrocarbon  rubber  category.  The  mean  LC50  is  9.9 
with  98%  of  the  population  between  6.6  to  14.5. 

Fluor  opiasltcs 

All  fluoroplastics  except  polytetrafluoroethylene 
homopolymer  (PTFE)  were  placed  in  the 
fluoroplastics  category  including  three 
tetrafluoroethylene  copolymers:  (1)  FEP,  a 
fluorinated  ethylene  propylene  copolymer,  (2)  PFA, 
perfluoroalkoxy  tetrafluoroethylene  copolymer,  and 
(3)  ETFE,  ethylene  tetrafluoroethylene  copolymer. 
Also  included  were  polyvinylidene  fluoride  (PVDF) 
homopolymers  and  copolymers,  and  ethylene 
chlorotrifluoroethylene  copolymers  (ECTFE).  This 
category  includes  fully  fluorinated  polymers,  FEP 
and  PFA,  partially  fluorinated  polymers,  PVDF, 
ETFE  and  ECTFE  as  well  as  a  mixed  halogen 
polymer,  ECTFE.  The  LC50  of  this  category  is  8.9 
with  98%  of  the  population  between  3.7  and  19.0 
grams. 

Hydrocarbon  Rubbers 

This  category  includes  both  thermoplastic  as  well  as 
crosslinked  rubbers,  including  polyolefin  type 
ethylene  propylene  and  ethylene  propylene  diene 
rubbers,  natural  rubber,  styrene  butadiene  as  well  as 
polyester  rubbers.  As  anyone  familiar  with  rubber 
technology  would  expect,  many  of  the  'ubbers 
contain  fillers,  reinforcing  agents  and  flame 
retardants.  The  LCS0  is  18.4  with  98%  of  the 
population  between  9.7  to  32.6  grams. 

Chlorinated  Rubbers 

This  category  includes  chloroprene,  chlorinated 
polyethylene  and  chlorosulfonated  polyethylene.  The 
LC50  is  22.7  with  98%  of  ihe  population  between  9.1 
to  48.7  grams. 

Summary 

Figure  4  shows  a  histogram  of  the  137  LC^o  values  for 
all  five  material  classes  described  above.  Notice  that 
rather  than  having  a  normal  (Gaussian)  shape,  the 
distribution  is  skewed  toward  low  values  and  has  a 
lo"g  high-valued  tail.  A  shape  such  as  this  can  occur 
when  a  lower  limit  is  imposed  by  the  test;  for 
example,  negative  LC50  values  are  impossible  with 
this  test  method.  Analysis  of  such  data  can  be 
improved  by  taking  the  natural  logarithm  of  the  data 
as  shown  in  Figure  5.  The  log-normal  appearance 
justifies  the  use  of  log  scales  when  portraying  LC50 
data. 


Number  of 
Samples 


LCS0  Values  (grams) 

Figure  4.  Histogram  of  the  LC  50  values  for  the  five 
single  material  categories  in  the  NEMA 
classification  system. 


Number  of 

Samples  LC50  Values  (grams) 


Figure  5.  Histogram  of  the  logarithm  of  the  LC;o 
values  for  the  five  single  material 
categories. 

Figure  6  shows  a  logarithmic  barplot  of  the  range  of 
LC50  values  (98%  limits)  for  the  5  single  material 
categories.  Because  the  LC50  values  of  all  categories 
overlap,  we  cannot  judge  whether  some  material 
classes  are  significantly  different  from  others. 
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Figure  6.  Logarithmic  barplot  of  the  98%  limits  on 
the  LC50  values  for  the  single  material 
categories. 


A  useful  tool  for  making  such  judgments  is  to 
portray  the  LC50  values  via  the  'ooxplots  shown  in 
Figure  7.i71  Boxplots  are  a  convenient  way  to 
summarize  and  compare  several  sets  of  data.  The 
lower  edge  of  the  box  is  at  the  First,  miartile  of  the 
data,  the  upper  edge  at  the  third  quartile,  and  the 
line  though  the  center  at  the  median.  Vertical 
"whiskers"  extend  out  of  the  box  to  show  the  range 
of  the  data.  Data  values  lying  outside  a  prescribed 
range  are  considered  "outliers"  and  plotted 
individually  as  asterisks.  The  notches  on  a  box 
indicate  a  rough  95%  confidence  level  on  the  median. 
If  the  notches  on  two  boxes  overlap,  the  medians  of 
the  two  data  sets  do  not  significantly  differ  from 
each  other. 


Figure  7.  Logarithmic  boxplots  of  the  LCW  values 
for  the  single  material  categories. 

For  example,  the  notches  for  the  fluoroplastics 
overlap  those  for  the  polyolefins  and  so  the  two 
classes  may  be  considered  to  have  similar  LCW 
values.  Likewise,  the  PVO  and  hydrocarbon  classes 


may  be  taken  as  similar  to  one  another.  Although 
the  LCsq  values  for  the  chlorinated  rubber  materials 
are  similar  to  those  for  the  hydrocarbons,  it  is  not 
clearly  evident  whether  the  chlorinated  rubbers  are 
similar  to  or  different  from  the  PVCs.  Finally,  the 
LC50  values  of  the  fluoroplastic  and  polyolefin  classes 
clearly  differ  from  those  of  the  PVC,  hydrocarbon 
rubber,  and  chlorinated  rubber  classes. 
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Figure  7.  Logarithmic  boxplots  of  the  LC^  value  - 
for  the  single  material  categories. 

CABLE  SELECTION 

The  New  York  State  Combustion  Toxicity  law 
contains  a  caveat  on  the  use  of  combustion  toxicology 
data.  It  is  worthwhile  to  repeat  that  caveat  here: 

This  lest  is  a  measure  of  acute  toxicity  of  the 
thermal  decomposition  by-products  of  the 
tested  material  using  a  specified  procedure 
under  controlled  laboratory  conditions.  The 
test  results  alone  do  not  constitute  a 
characterization  of  the  hazard,  safety  or  risk  of 
materials,  products  or  assemblies  under  actual 
fire  conditions.  The  iesults  of  this  test,  if  used 
in  any  assessment  of  hazard  or  risk,  should  be 
considered  in  conjunction  with  all  of  the 
factors  which  are  pertinent  to  an  evaluation  of 
the  fire  hazard  of  a  particular  end  use. 

The  best  way  .to  compare  the  fire  hazards  of  various 
cables  is  through  a  computer  simulated  hazard 
analysis.  However,  hazard  analyses  are  too  complex 
to  be  widely  used.  As  far  as  we  know,  the  only 
hazard  analysis  of  cable  that  has  been  conducted  and 
published  is  Bukowski’s  analysis’8'  of  fluoroplastic 
plenum  cables.  A  less  rigorous  approach  is  to 
consider  the  three  fire  properties  that  are  important 
for  determining  the  fire  hazard  of  a  cable,  viz; 

1.  flame  spread 

2.  smoke  emissions 

3.  toxic  potency. 
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The  importance  of  minimizing  flame  spread  is 
apparent  when  one  considers  the  potential  for  cables 
to  spread  fire  through  a  building.  Choosing  a 
communications  cable  with  the  right  flame  spread 
properties  is  simply  a  matter  of  complying  with  the 
National  Electrical  Code  which  has  the  fire  resistance 
hierarchy  illustrated  in  Figure  8.19l|101  If,  for  example, 
a  particular  application  calls  for  CM  rated  cable, 
then  any  candidate  replacement  cable  must  have  a 
CM  rating  at  a  minimum  with  a  CMR  rating  being 
preferable. 

PLENUM  CABLE  1  CMP 

RISER  CABLE _  CMR 

r 

GENERAL  PURPOSE  CABLE  |  CM 

I 

LIMITED  USE  CABLE  CMX 

Figure  8.  National  Electrical  Code  Tire  resistance 
hierarchy  for  communication  cables. 

A  candidate  replacement  cable  should  not 
compromise  smoke  emissions  because  smoke 

emissions  reduce  visibility  and  impede  egress.  If  one 
is  considering  a  cable  for  a  plenum  application,  then 
a  CMP  rating  is  required.  Since  the  CMP  listing 
includes  both  flame  spread  and  smoke  requirements, 
the  only  additional  property  needing  consideration  is 
toxic  potency.  However  if  >ne  is  considering  general 
purpose  (CM)  or  riser  (CMR)  applications,  smoke 
emissions  are  not  specified  and  one  has  two  options: 

1.  Measure  the  smoke  for  the  candidate  cables 

under  consideration  by  adding  smoke 

measurements  to  the  prescribed  flame  spread 
tests  for  these  cables,  or 

2.  Upgrade  to  a  plenum  cable. 

Having  assured  oneself  that  the  candidate  cable  is  no 
worse  than  present  cables  in  flame  spread  and  smoke 
properties,  one  is  then  ready  to  consider  toxic 
potency.  However,  in  no  case  is  the  use  of  raw  LC50 
values  a  suitable  approach  by  itself  for  choosing  the 
safer  cable. 

LC50  Expressed  as  Length 

To  convert  LC50  values  that  are  expressed  in  grams 
into  a  more  useful  form  for  wire  and  cable  analysis, 
we  need  to  convert  to  a  unit  of  length.  A  few 
examples  should  help  clarify  and  support  this 
statement.  Consider  two  24  gauge  insulated  wires. 
One  wire  is  insulated  with  10  mils  of  solid  f'EP  and 
the  second  with  10  mils  of  foamed  FF,P.  The  LCS0  of 
both  these  wires  is  8.9  grams,  but  the  wire  with 
foamed  insulation  has  less  material  and  would  emit  a 
lower  level  of  toxic  gases  when  burned. 


Consider  two  hypothetical  insulated  24  gauge  wires 
with  equal  insulation  thicknesses.  The  first  wire  is 
insulated  with  material  A  which  has  a  specific  gravity 
of  1  and  a  LC50  of  20.  The  second  wire  is  insulated 
with  an  equal  thickness  of  material  B  which  has  a 
specific  gravity  of  2  and  a  LC50  of  40.  One  might 
choose  a  wire  insulated  with  material  B  based  on  its 
LCS0  being  twice  that  of  material  A.  However, 
because  material  B  has  twice  the  specific  gravity  of 
material  A,  twice  as  much  B  material  is  used  per  unit 
length,  and  this  exactly  offsets  the  apparent 
advantage  of  the  higher  LC50  material. 

To  further  consider  the  effect  of  density,  let  us 
revisit  the  fluoroplastic,  polyolefin,  and  PVC  boxplots 
of  Figure  7.  Because  the  density  (p)  for  each  tested 
material  is  not  available,  we  will  assign  typical  values 
for  each  class,  namely,  0.95  g/cm3  for  polyolefin,  1.35 
for  PVC,  and  1.76  for  fluoroplastic.  Figure  9  shows 
boxplots  of  the  logarithm  of  the  material  volumes 
which  produce  a  given  LCsq-  (I  C50/P)  for  the  three 
materials.  Notice  that  the  high  specific  gravity  of 
the  fluoroplastics  has  shifted  its  box  down  and  that 
the  low  specific  gravity  for  the  polyolefins  has  shifted 
it  up,  thereby  causing  these  two  classes  to  have 
different  toxicity  characteristics  when  viewed  on  a 
volume  basis  as  opposed  to  a  weight  basis. 
Contrastingly,  the  polyolefin  and  PVC  classes  now 
approach  similarity  as  compared  to  their  distinctively 
different  relationship  on  a  weight  basis. 


Figure  9.  Logarithmic  boxplots  of  the  LC.^  values 
expressed  as  volumes  for  the  single 
material  categories. 

To  consider  the  effects  of  density  and  the  amount  of 
material  used,  i.e.,  insulation  and  jacket  thicknesses, 
we  need  to  convert  LC50  values  into  length.  This  is 
the  length  of  insulated  wire  or  cable  needed  to 
contain  a  weight  equal  to  the  LCw-  Figure  10 
illustrates  the  method  for  converting  from  I-C-,() 
expressed  in  grams  to  LC^p  values  in  meters. 
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linear  density  (g/m)  =  I5<X)rr p  ^(D/2+t)*  — (D/2)*j 
where: 

D  =  conductor  diameter  (mils) 
t  =  insulation  thickness  (mils) 
p  =  density  (g/cm3) 

LC 50  (meters)  =LCW  (grams)/ linear  density 

Figure  10.  Converting  LC.  values  from  grams  to 
meters  for  a  single  insulated  conductor. 

Figure  11  shows  the  results  (using  95%  confidence 
intervals  on  the  median)  as  a  function  of  insulation 
thickness  for  2-1  AWG  wires  insulated  with  PVC. 
polyolefin,  and  fluoroplastic.  The  polyolefin  wire 
falls  in  the  middle  of  the  l’VO  range— indicating  that 
the  median  performance  for  the  two  materials  is 
essentially  similar.  As  a  group,  the  LOM  values  in 
length  for  PVC  and  polyolefins  are  significantly 
higher  than  for  fluoroplastir  insulated  wire. 

1-O.0 

ln(LCr,o)  (meters) 


Figure  11.  This  figure  compares  the  LC-ft  expressed 
iu  meters  for  PNC.  fluoroplastics  and 
polyolefins  and  shows  the  variation  with 
insidat  ion  t  hick  r  css. 


Conversing  !,(%„  values  from  grams  to  meters  can 
be  extended  tit  rallies  as  illustrated  in  Figure  12. 
I, el's  consider  caldes  that  have  the  same  material  for 
insulation  ami  jacket,  and  compar  their  IX  ,o  values 
in  meters  when  the  caldes-  are  made  with  f'*nr 
different  materials.  To  make  the  comparison  as 
realisti'.'  as  possible,  we  will  consider  tin-  physical 
I,-,, pert  Vs  ,,f  each  material  md  adjust  tie  insulation 
and  jacket  I  hick  nesses  accordingly .  Tidi.e  1  lists  tile 
materia!'  w  ■  are  e,  ,m|  ai  ing:  two  wid-ly  used 
tn  a  t  e  ri  (PVC  and  f)uoropla.si  ies ).  ami  l#" 


hypothetical  mateiials  (A  and  B).  The  specific 
gravity  and  tensile  strength  for  PVC  are  typical 
values,  while  tne  specific  gravity  and  tensile  strength 
for  the  fluoroplastics  arc  the  properties  of  ECTFE 
copolymer.  The  LCW  range  (20-20  grams)  of 
hypothetical  material  A  was  chosen  to  represent  a 
material  above  the  mean  (16. 5  g)  of  the  distribution 
of  LCW  values  shown  in  Figure  5.  while  the  LCW 
value  of  -10-60  grams  for  hypothetical  material  R 
represents  a  material  at  th»  extreme  high  end  of 
ECr0  values  found.  The  specific  gravities  and  tensile 
strengths  assigned  to  the  hypothetical  materials  are 
reasonable  for  filled  polymers. 


t.  —  jacket  thickness 


linear  density  of  insulation  (g/m)=  KX  linear  density 
of  single  insulated  c'>  luctor 

core  diameter  (mils)=  5(1)  +  t) 
linear  density  of  jacket  (g/m)=  tr(core  diameterjtjp 
LC.->0  (meters)  =  1500  LCS0  (grams)/(jacket  linear 
density  +  insulation  linear  density) 

Figure  12.  Converting  LCW  values  from  grams  to 
meters  for  an  eight  conductor  cable. 


Table  1 

Cable  Comparisons 

9r)f7  Confidence 

— 

Tensile 

Interval  on 

Density 

Strength 

Material 

Median  LCW 

(g  cm3) 

(psi) 

PVC 

15  2-IK  7 

1  .35 

3000 

Fluor*  »pla.M  ics 

7  2-10.0 

1  76 

7000 

Material  A 

20-30 

1  5 

2000 

Material  H 

10-60 

1.7 

1500 

I  able  2  shows  the  insulation  arid  jacket  thicknesses 
used  in  the  calculations  from  converting  LC-)(;  from 
grains  to  meters.  The  values  used  for  PVC  and 
fiiniroplastirs  are  typical  ones  used  by  a  major 
manufacturer.  Note  that  the  jacket  thickness  for 
fluoroplastics  is  only  S  mils  reflecting  its  superior 
physical  properties  and  high  cost.  An  insulation 
thickness  ol  s  mils  12  mils  thicker  than  foe  PVC)  was 
assigned  to  the  hypothetical  materials  because  they 
ere  hypothesized  to  have  poorer  physical  properties 
than  P\  C.  Likewise,  tie-  hypothetical  materials  were 
assigned  jacket  thicknesses  of  no  „tii  1(1  mils 
t  hi>  ker  l  ban  PV( '. 
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Table  2 

LCSo  (meters)  Values  of  4  Pair  Cables  | 

Material 

Insulation 

Thickness 

(mils) 

Jacket 

Thickness 

(mils) 

LCS0 

(meters) 

PVC 

6 

20 

1.25-1.53 

Fluoroplastics 

0 

8 

0  09- 1  97 

Material  A 

8 

30 

0.90-1.35 

Material  B 

8 

30 

1.60-2.30 

Looking  at  the  LC50  (meters)  values  we  see  that  the 
PVC  and  fluoroplastic  cables  in  this  example  have 
LC50  (meters)  ranges  that  slightly  overlap.  We  are 
therefore  hard  pressed  to  conclude  that  the  two 
cables  significantly  differ.  Hypothetical  material  A. 
which  has  a  high  LCS0  (20-30  grams)  has  an  LC50 
(meters)  range  significantly  overlapping  PVC  and  the 
fluorop/astics — indicating  no  significant  differences 
among  these  three  cables.  Only  hypothetical 
material  B,  which  has  the  highest  LCS0  (30-60),  has  a 
LC50  (meters)  above  the  range  of  the  other  cables. 

Validation  Testing 

If  one  uses  LC50  expressed  in  either  grams  or  meters 
in  cable  selection,  then  one  has  made  the  assumption 
that  a  correlation  exists1'1  between  the  toxic 
potencies  (LC50)  determined  in  the  Pittsburgh 
protocol  and  a  real  fire  scenario.  Certainly  the  test 
conditions  of  this  combustion  toxicology  test  differ 
from  those  of  a  developing  fire. 

To  determine  if  one  cable  is  safer  than  another  in  a 
real  fire  scenario  requires  full  scale  fire  testingJ12!  If, 
for  example,  the  cables  being  considered  were  rated 
for  riser  use  (CMR),  then  the  UL  1666  riser  cable  test 
could  be  expanded  to  include  smoke  and  toxic 
potency.  Smoke  measurements  could  be  readily 
added,  and  combustion  toxicity  could  be  ascertained 
by  directing  some  of  the  effluent  to  a  series  of  animal 
exposure  chambers.  Until  testing  of  this  type  is 
done,  it  will  not  be  known  whether  cables  with 
higher  LC50  values  are  truly  safer. 

SUMMARY 

The  NY  State  database  of  combustion  toxicity 
information  includes  LC50  values  for  cables  used  in 
buildings.  These  data  should  not  be  used  alone  for 
cable  selection,  but  along  with  flame  propagation  (UL 
fire  resistance  ratings)  and  smoke  data.  To 
reasonably  use  combustion  toxicity  data  in  cable 
selection,  the  LCT-o  values  should  he  converted  to 
length. 

ACKNOWLEDGEMENTS 

We  are  grateful  to  Mr.  .John  ('.  Ilvder  of  AT.(  T  Bell 
Laboratories  for  writing  the  computer  program  for 
converting  l,C-l0  from  grams  to  meters. 


REFERENCES 

1.  New  York  State  Uniform  Fire  Prevention  and 
Building  Code,  Article  15,  Part  1120,  Combustion 
Toxicity  Testing,  New  York  Department  of  State, 
Office  of  Fire  Prevention  and  Control,  Albany, 
NY 

2.  Y.  C.  Alarie  and  R.  C.  Anderson.  "Toxicologic 
and  acute  lethal  hazard  evaluation  of  thermal 
decomposition  products  of  synthetic  and  natural 
polymers,"  Toxicol,  Appl  Pharmacol. ,  51,  331, 
1979 

3.  J.  J.  Beitel,  C.  A.  Bertelo,  W.  F.  Carroll,  Jr.,  A.  F. 
Grand,  M.  M.  Hirschler  and  G.  F.  Smith, 
"Hydrogen  Chloride  Transport  and  Decay  in  a 
Large  Apparatus:  II.  Variables  Affecting 
Hydrogen  Chloride  Decay,"  Journal  of  Fire 
Sciences,  Vol.  5  -  March/April  1987,  p  105. 

3.  Alarie,  Yves;  Matijak-Schaper,  Michelle;  Stock, 
Maryan  F.,  "  Toxiciiy  of  Thermal  Decomposition 
Products  from  Commonly  Used  Synthetic 
Polymers,"  Fire  Set.  Technol.  (NY).  1982 

Voiui  >e:l,  Number:  1. 

5.  H.  J.  Klimisch,  J.  E.  Doe,  G.  E.  Hartzell,  S.  C. 
Packham,  J.  Pauluhn,  and  D.  A.  Purser, 
"Bioassay  Procedures  for  Fire  Effluents:  Basic 
Principles,  Criteria  and  Methodology."  Journal  of 
Eire  Sciences,  Vol.  5  -  March/April  1987,  p  73. 

6.  Marie,  Y..  Anderson,  R.  C.  "Toxicologic 
classification  of  thermal  decomposition  products 
of  synthetic  and  natural  polymers,"  Toxicol. 
Appl.  Pharmacol,  57:181-88,  1981. 

7.  J.  M.  Chambers.  W.  S.  Cleveland.  B.  Kleiner  and 
P.  A.  '1  u  key,  Craphical  Methods  for  Data 
Analysis,  Wadsworth  International  Group. 
Belmont.  CA.  1983 

8.  Bukowski.  Richard  W.,  "Toxic  Hazard  Evaluation 
of  Plenum  Cables,"  Fire  Technology,  Volume  21, 
Issue  3.  Nov.  1986,  p  252. 

9.  Article  800,  National  Electrical  Code  1987. 
National  Fire  Protection  Association,  Quincy, 
Massachusetts. 


10.  Stanley  Kaufman.  "The  1987  National  Electrical 
Code  Requirements  for  Cable,"  International 
It  ire  F  Cable  Symposium  Proceedings  UlSfi  p 
5 15. 

li.1.  Alarie.  R.  C.  Anderson,  M.  F.  Stock  R.  L. 
Dombroskc.  L.  W.  Keller,  L.  W.  Hayduk  and  R. 
E.  Park.  Toxicity  of  Thermal  Composition 
Products:  An  Attempt  to  Correlate  Results 

Obtained  in  Small  Scale  with  Large  Scale  Tests," 
Journal  of  (  .imhustion  Toxiroloyy.  Vol.  8 
February  19.81 .  p  58. 


642  International  Wire  &  Cable  Symposium  Proceedings  1988 


I 


12.  Frederic  B.  Clarke,  Henri  J.  Van  Kuijk,  J.  E. 
Bonesteel,  J.  G.  DiPinto,  R.  Valentine,  Marc 
Janssens  and  Paul  Vandevelde,  "Experimental 
Design  for  Full-Scale  Evaluation  of  the  Toxicity 
of  the  Products  of  Combustion  from  Cables," 
Internationa!  Wire  &  Cable  Symposium 
Proceedings  1987,  p  276. 


Stanley  Kaufman  is  Supervisor  of  the  Chemistry, 
Metallurgy  and  Product  Safety  Group  at  AT&T  Bell 
Laboratories  in  Norcross,  GA.  He  received  a  ES  in 
Physics  from  the  City  College  of  the  City  University 
of  the  City  of  New  York,  and  a  PhD  in  Chemistry 
from  Brown  University. 

Dr.  Kaufman  has  spent  more  than  a  decade  of  his 
professional  career  at  AT&T  Bell  Laboratories 
working  to  improve  the  fire  safety  of  communication 
cables,  and  developed  many  of  the  fire-resistant 
plastics  being  used  in  AT&T  cables.  Working  closely 
with  Underwriters  Laboratories,  he  contributed  to 
the  development  of  the  fire  tests  used  by  UL  for 
testing  plenum  and  riser  cables  for  compliance  with 
the  National  Electrical  Code  requirements.  He  is  a 
member  of  the  National  Electrical  Code  Committee, 
serving  on  Panel  16  which  is  responsible  for 
telephone  and  data  wiring  safety.  He  is  also  a 
member  of  the  NKMA  Management  Committee 
which  oversaw  the  toxicity  testing  program  at  Arthur 
I).  Little. 


James  J.  Refi  received  the  BSEE  degree  from 
Villanova  University  in  1966  and  the  MSEE  degree 
from  the  Polytechnic  University  in  1968.  He  is  a 
Distinguished  Member  of  the  Technical  Staff  in  the 
Lightguide  Applications  and  Systems  Group  at 
AT&T  Bell  Laboratories  in  Norcross,  GA.  Since 
joining  Bell  Laboratories  in  1966,  he  has  spent  most 
of  his  career  working  on  land  coaxial  and  multipair 
cables — having  authored  papers  on  pair  unbalance 
phenomena,  lightning  surges  and  crosstalk.  He  began 
working  on  lightguide  in  1982  and  since  then  has 
obtained  a  patent  and  authored  papers  on  field 
measurements,  multimode  bandwidth  and  single¬ 
mode  chromatic  dispersion.  Mr.  Refi  is  currently 
responsible  for  several  fiber-tothe-home  applications. 
He  is  a  member  of  the  IEEE,  the  Optical  Society  of 
America,  Tau  Beta  Pi  and  Eta  Kappa  Nu. 


Dr.  Rosalind  C.  Anderson  is  president  of  Anderson 
Laboratories,  Inc.  She  has  more  than  ten  years  of 
active  participation  in  the  field  of  combustion 
toxicology.  With  Dr.  Yves  Alarie  at  the  University  of 
Pittsburgh,  she  develot  .  u  the  Pittsburgh  test.  While 
manager  of  the  toxicology  unit  al  A.  D.  Little.  Inc., 
Dr.  Anderson  was  responsible  for  the  study  for  New 
York  State  to  investigate  the  potential  use  of  a 
combustion  toxicity  test  in  the  State  Building  Code. 
She  conducted  the  study  for  the  National  Electrical 
Manufacturers  Association  which  resulted  in 
categories  approved  by  New  York  State  for  the 
registration  of  millions  of  products  in  compliance 
with  Code  15/1120.  Dr.  Anderson  was  an  invited 
participant  on  the  National  Academy  of  Science 
Committee  on  Combustion  Toxicology. 

Dr.  Anderson  earned  her  graduate  degrees  at  Yale 
1  niversity  School  of  Medicine.  She  is  a  member  of 
the  Society  of  Toxicology  arid  ASTM. 


International  Wire  &  Cable  Symposium  Proceedings  1988  643 


COMBUSTION  TOXICITY  EVALUATIONS  OF  POLYMERS 
FOR  ELECTRICAL  AND  BUILDING  APPLICATIONS 


Harlan  R.  Bratvold,  William  J.  Christian,  Stephen  P.  Woynerowski 


Underwriters  Laboratories  Inc. 
Northbrook,  Illinois 


Since  adoption  of  the  New  York  State 
regulations  on  combustion  toxicity,  UL 
has  installed  the  University  of  Pitts¬ 
burgh  test  equipment  and  has  been  serv¬ 
ing  manufacturers  in  need  of  toxicity 
data.  Combustion  toxicity  has  been 
evaluated  by  standard  protocol  for  in¬ 
dividual  products  for  direct  submittal 
to  New  York  State  as  well  as  to  estab¬ 
lish  product  classes.  Two  types  of 
product  classes  have  been  established. 
One  type  involves  only  the  products  of 
a  single  manufacturer,  and  the  class  is 
owned  and  used  by  that  manufacturer. 

The  other  type  involves  only  the  pro¬ 
ducts  which  use  materials  of  a  specific 
generic  makeup,  and  can  be  used  by  UL 
to  classify  products  cf  any  manufactur¬ 
er  that  meet  the  class  definition  UL's 
experience  with  this  test  protocol  and 
its  plans  regarding  other  protocols 
under  development  will  be  discussed. 

Introduction 

In  December  1986,  the  New  York  State  Fire 
Prevention  and  Building  Code  Council  pass¬ 
ed  an  amendment  for  combustion  toxicity. 
New  York  became  the  first  state  in  the 
nation  to  require  testing  of  building 
materials  for  combustion  toxicity. 

The  process  that  led  to  tnis  requirement 
began  in  1982,  after  the  tragedy  of  the 
Stouffer's  Inn  fire  in  Westchester  County, 
New  York.  There  has  been  evidence  that 
many  of  the  deaths  from  that  fire  were 
caused  by  toxic  combustion  products.  In 
general,  it  is  believed  that  80  percent  of 
all  lives  lost  due  to  fire  are  in  fact 
smoke  related. 

The  New  York  State  amendment  requires 
building  products  to  be  tested,  by  an 
approved  laboratory,  for  combustion  toxic¬ 
ity  and  data  filed  with  the  Secretary  of 
State's  office  in  Albany.  No  product  can 
be  installed  or  used  as  a  part  of  a  build¬ 
ing  or  factory  manufactured  home  within 
that  state  unless  such  product  is  tested 
in  accordance  with  Article  15,  Part  1120 


of  the  New  York  State  Fire  Prevention  and 
Building  code. 

Once  the  testing  has  been  completed  by  an 
approved  laboratory  and  filed  with  the 
state,  th<"  product  becomes  officially  re¬ 
gistered  With  the  Secretary  of  State  and 
is  issued  a  file  number  which  allows  the 
product's  continued  use  within  the  State 
of  New  York.  This  combustion  toxicity 
test  data  filed  with  New  York  State  will 
be  a  public  record  available  to  any  inter¬ 
ested  party. 

In  order  to  fully  cover  all  building  pro¬ 
ducts  in  question  ,  New  York  Statu  devised 
a  three  year  phase-in  plan.  Starting  De¬ 
cember  16,  1987,  electrical  wire  insula¬ 
tion  and  synthetic  electrical  conduit  had 
to  be  tested  for  combustion  toxicitv  and 
filed  with  them.  Pipe,  duct  and  thermal 
insulation  must  be  tested  and  filed  by 
December  16,  1988  and  interior  finish  and 
interior  floor  finish  by  December  16, 

1989.  This  amendment  covers  all  products 
permanantly  installed  in  a  building,  but 
does  not  include  appliances,  temporary 
fixtures,  or  electrical  connecting  cords. 

Methods 

Underwriters  Laboratories  Inc.,  in  re¬ 
sponse  to  the  needs  of  manufacturers,  has 
installed  the  necessary  University  of 
Pittsburgh  test  apparatus,  and  has  served 
as  a  recognized  New  York  State  approved 
test  facility  for  combustion  toxicity 
since  May,  1987. 

The  combustion  toxicity  testing  required 
by  New  York  State  must  be  conducted  in 
accordance  with  the  "Procedure  for  Evalu¬ 
ation  of  Acute  Toxicity  Resulting  from  Ex¬ 
posure  of  Mice  to  Thermal  Decomposition 
Products  Using  a  Modification  of  the  Pro¬ 
tocol  Developed  at  the  University  of 
Pittsburgh . " 

This  test  procedure  is  a  dynamic  exposure 
method  that  measures  toxic  potency  in 
terms  of  an  LC5G  ( lethal  concentration  ex¬ 
pected  to  kill  50  percent  cf  the  animals 
exposed)  value.  The  LC50  value  is  a  sta¬ 
tistical  number  derived  from  a  series  of 
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TABLE  2 


test  runs  at  various  sample  weight.  The 
test  apparatus  is  shown  in  (figure  1)  and 
the  procedure  is  performed  as  follows: 

A  prescribed  amount  of  sample  is  weighed 
and  placed  on  a  quartz  pedestal  in  a  pro¬ 
grammable  oven.  The  samole  weight  is  con¬ 
stantly  monitored  by  means  of  a  weight 
sensing  device  on  which  the  pedestal 
rests.  Once  in  place,  the  sample  is  sub¬ 
jected  to  a  temperature  rise  of  twenty  de¬ 
grees  celcius  per  minute.  When  a  mass 
loss  of  1%  is  detected,  the  combustion 
products  from  the  sample  are  educted  from 
the  oven  at  a  flow  rate  of  20  liter  per 
minute  from  a  quartz  tube  placed  through 
the  oven  door.  The  combustion  products 
are  diluted  with  cool  air  before  being  in¬ 
ducted  into  a  chamber  where  four  male 
white  mice  are  exposed  in  head  only  expo¬ 
sure  mode.  After  passing  through  the  ex¬ 
posure  chamber,  the  combustion  products 
are  drawn  through  a  series  of  filters  to 
remove  particulate  matter  and  then  through 
gas  analyzers  which  continuously  monitor 
percent  oxygen,  carbon  monoxide,  and  car¬ 
bon  dioxide. 

Calculations  and  Results 

The  test  procedure  requires  calculation  of 
the  LC50  value  by  the  Weil  method.  The 
formula  to  calculate  an  LC50  is: 

log  LC50  =  log  D  +  (f  +  1)  log  R 
Where : 

D  =  The  lowest  of  four  dosage 
levels  used 

R  =  The  geometric  progression 
factor  of  dosage  levels 

f  =  Mortality  factor  (available  in 
Table  1 ) 

This  method  requires  a  minimum  of  four 
dose  levels  to  be  tested  per  material 
provided  that  the  logarithms  of  successive 
dose  levels  differ  by  a  constant  (d). 

The  geometric  factor  is  the  ratio  of  suc¬ 
cessive  dose  levels  and  is  denoted  by  R, 
thus  d  =  log  R.  For  the  University  of 
Pittsburgh  test,  four  animals  are  exposed 
per  dose  level.  The  goal  is  to  obtain, 
from  the  animals  dosed  at  four  successive 
levels,  a  set  of  mortality  data  (r-values) 
that  match  one  of  those  in  Table  1.  Each 
r  value  represents  the  number  of  mortal¬ 
ities  achieved  for  one  dose  level. 

Underwriters  Laboratories  has  performed 
combustion  toxicity  tests  on  a  variety  of 
compounds  commonly  used  in  the  wire  and 
cable  industry.  The  compounds  h  .e  been 
actual  commercially  produced  insulations 
for  electrical  wire  and  cable.  Based  on 
data  acquired  from  these  tests,  approxi¬ 
mate  ranges  of  LC50  values  on  various 
types  of  wire  insulation  have  been  obtain¬ 
ed.  These  ranges  are  summarized  in  Tabic 
2. 


Nylon 

5.757  - 

6.954 

Polyvinyl  Chloride 

8.333  - 

16.262 

Cross  Linked  Polyethylene 

7.583  - 

23.779 

Flouroplastic 

2.029  - 

12.550 

Nylon  and  PVC 

10.000  - 

15.072 

PVC  and  Polyethylene 

11.990  - 

25.883 

Rigid  PVC 

6.542  - 

13.146 

Wood 

41.771  - 

65.441 

Note:  Wood  was  added  to  the  table  to 

serve  as  a  reference  as  many  toxicologists 
have  compared  relative  toxicity  to  wood. 

Classification  of  Products 

Currently,  there  are  two  ways  to  submit 
combustion  toxicity  data  to  the  New  York 
Secretary  of  State's  office  in  Albany. 

The  first  involves  testing  of  individual 
products  by  the  standard  protocol  and 
direct  submittal  for  official  registration 
of  those  products  tested.  The  second  in¬ 
volves  select  testing  of  products  of  sim¬ 
ilar  composition  to  represent  a  group  or 
"classes"  of  products.  If  the  class  is 
approved  by  New  York  State,  any  individual 
product  within  the  product  class  will  be 
assigned  a  toxicity  potency  range.  This 
range  is  established  from  the  data  sub¬ 
mitted  for  all  products  tested. 

Underwriters  Laboratories  has  established 
two  types  of  product  classes.  The  first 
type  is  a  proprietary  product  class  that 
involves  only  the  products  of  a  single 
manufacturer  or  association.  Fst-ablish- 
ment  of  an  approved  proprietary  product 
class  could  likely  result  in  significant 
savings  in  testing  costs  to  an  individual 
manufacturer  who  produces  a  product  line 
that  currently  has  or  in  the  future  may 
have,  variation  in  material  composition. 

UL  offers  its  services  for  consulting  <_nd 
submittal  cf  product  classes  on  behalf  of 
a  manufacturer.  Assuming  New  York  State 
acceptance  of  a  proposed  proprietary  pro¬ 
duct  class,  we  also  offer  the  option  of 
acting  as  an  organizational  representative 
in  submittal  of  future  products  for  ac¬ 
ceptance  within  the  class (es)  approved  by 
the  State  of  New  York. 

The  second  type  of  classification  is  a 
non-proprietary  class.  These  classes  are 
similar  to  proprietary  classes  in  content 
and  structure  but  are  owned  and  managed 
by  UL.  with  the  assistance  of  knowledge¬ 
able  manufacturer  representatives,  UL  es¬ 
tablished  these  classes  for  the  conveni¬ 
ence  of  anyone.  The  class  is  defined  by  a 
range  of  various  compositions  and  con¬ 
structions  tested  and  submitted  by  UL  to 
New  York  State.  In  order  to  be  considered 
for  acceptance  within  an  approved  non¬ 
proprietary  class  a  manufacturer  needs  to 
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submit  its  product  composition  for  review 
to  UL.  If  accepted  by  UL,  full  combustion 
toxicity  testing  of  that  product  will  not 
be  needed  resulting  in  a  savings  to  the 
manufacturer . 

Future  Activities 

UL  is  presently  installing  equipment  for  a 
new  smoke  toxicity  test  developed  under 
the  sponsorship  of  the  National  Institute 
of  Building  Sciences.  The  NIBS  test  at¬ 
tempts  to  address  relative  toxic  hazards 
in  terms  of  more  than  just  toxic  potency. 
It  reflects  three  of  the  five  product 
characteristics  thought  to  effect  toxic 
hazards  in  actual  fire  situations: 

A)  Ease  of  ignition. 

B)  Rate  of  smoke  generation  (mass 
loss ) . 

C)  Toxic  potency. 

The  two  characteristics  it  does  not  pre¬ 
sently  address  are  quantity  of  product  in 
use  and  flame  spread. 

Although  this  test  is  still  in  the  de¬ 
velopmental  stage,  it  holds  promise  of 
achieving  ASTM  and/or  NFPA  adoption. 

Conclusion 

Underwriters  Laboratories  is  committed 
to  providing  safety  testing  for  clients 
in  need  of  demonstrating  compliance  with 
government  regulations  or  nationally 
recognized  standards.  Combustion  toxicity 
testing  according  to  regulations  adopted 
by  the  State  of  New  York  is  one  result  of 
that  commitment.  UL  plans  to  have  the 
capability  to  conduct  new  combustion 
toxicity  test  protocols  that  may  develop 
and  become  regulatory  requirements. 
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REGISTRATION  CATEGORIES  FOR  WIRE  AND  CABLE  PRODUCTS: 
TOXICITY  STUDY  OF  THE  NATIONAL  ELECTRICAL  MANUFACTURERS  ASSOCIATION 


Rosalind  C.  Anderson,  Ph.D. 


Anderson  Laboratories,  Inc.,  Dedham,  Massachusetts 

was  to  be  sufficiently  narrow  to 
substantiate  the  chemical  similarity. 


Abstract 

Data  obtained  during  a  study  of 
compounds  and  mixtures  of  compounds  used 
by  the  wire  and  cable  industry  indicate 
that  products  can  be  divided  into  broad 
groupings  according  to  their  chemical 
and  toxicological  attributes.  The  major 
groupings  were:  compounded  polyolefin, 
hydrocarbon  rubber,  PVC,  chlorinated 
rubber  and  f luoroplastic .  From  these 
five  groups  singly  and  in  combination, 
thirty-two  groups  were  found  to  allow 
categorization  and  registration  of  most 
products  in  compliance  with  the  New  York 
State  Building  Code  15/1120.  After 
careful  review  of  new  versus  tested 
formulations,  the  categories  may  be  used 
by  study  participants  for  registration 
of  products  yet  to  be  entered  into  the 
marketplace . 


Introduction 

The  New  York  State  Building  Code 
15/11201  requires  insulation  and 
jacketing  combinations  used  in  wire  and 
cable  products  to  be  tested  for 
combustion  product  toxicity  by  the  test 
method  developed  at  the  University  of 
Pittsburgh.  The  test  values,  LC50  and 
associated  physical  and  chemical  data, 
are  submitted  to  the  State  for  inclusion 
in  the  publicly  available  data  base.  As 
an  alternative,  covered  products  may  be 
registered  as  members  of  a  pre- 
established  chemical  based  category. 

The  industry  members,  participating  in 
the  NEMA  study  needed  to  register 
products  in  as  simple  and  inexpensive  a 
manner  as  could  be  consistent  with  the 
requirements  of  the  law.  The  approach 
was  to  establish  broad  categories  which 
describe  the  actual  compounds  and 
mixtures  of  compounds  in  common  use. 

The  only  guidance  from  New  York  State  at 
that  time  was  that  the  categories  were 
to  include  chemically  related  products, 
and  that  the  range  of  toxicity  values 


Formulations  were  submitted  by 
participants  of  the  NEMA  study  and  were 
found  to  include  fewer  than  10  different 
generic  polymers  or  resin  systems 
typically  used  in  wire  and  cable  jacket 
and  insulation  compounds.  Widely  used 
compounds  as  well  as  certain 
compositionally  unique  compounds  were 
selected  for  testing. 

Most  of  these  compounds  belong  to  one  of 
five  families  of  chemicals,  e.g., 
polyolefin  compounds,  hydrocarbon  rubber 
compounds,  polyvinyl  chloride  compounds, 
chlorinated  rubber  compounds  and 
f luoroplastics  (see  Table  1) .  These 
five  families  used  alone  or  as  mixtures 
occur  in  a  majority  of  the  products  to 
be  registered.  Pittsburgh  Test  data 
were  used  to  affirm  major  category 
groupings  of  these  widely  used  compound 
mixtures.  Only  one  combination 
(nylon/PVC)  was  noted  which  required  a 
major  registration  category  outside  of 
this  matrix. 

Smaller  groups  of  compounds  or  mixtures, 
not  in  frequent  use  were  designated 
minor  registration  categories.  Examples 
are  aramid  compounds  and  EVA  compounds. 
Low  frequency  mixtures  included  a  number 
of  the  f luoroplastics  combined  with 
hydrocarbon  rubber  compounds  or 
polyvinyl  chloride  compounds  in  addition 
to  a  number  of  very  specialized 
products . 

For  single  family  products  the 
categories  were  obvious,  however,  for 
mixtures  it  was  necessary  to  establish 
quantitative  rules  to  govern  the 
categorization,  depending  on  the 
proportions  of  components  used.  Because 
of  the  sensitivity  of  the  test  and  the 
somewhat  uniform  toxic  potencies  of 
these  chemicals,  changes  of  less  than 
10%  of  a  compound  formulation  or  in 
relative  proportions  of  compounds  did 
not  result  in  a  large  enough  change  of 
LC5Q  value  to  be  statistically 
demonstrated.  As  a  result  for  mixtures 
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of  compounds  as  well  as  for  ingredients 
of  a  mixture,  we  have  elected  to 
consider  components  which  are  present  at 
more  than  10%  by  weight.  For  example,  a 
binary  system  in  which  one  compound  is 
present  at  less  than  10%  is  considered 
to  be  a  single  component  system. 

For  submission  to  the  State,  each  group 
was  described  by  the  chemistry  of  the 
components,  the  statistical  parameters, 
mean,  range  of  LC5fi  values,  boundaries, 
and  coefficient  of  variation:  A  sample 
from  the  approximate  mid  point  of  the 
group  was  identified  to  represent  the 
group.  Seventeen  major  and  fifteen 
minor  categories  were  approved  by  New 
York  State  on  December  14,  1987  and  have 
been  sufficient  for  the  registration  of 
all  but  a  few  single  covered  products. 

The  Pittsburgh  Test 

The  test  designated  by  New  York  State 
was  designed  at  the  University  of 
Pittsburgh.2,2  The  test  apparatus 
consists  primarily  of  a  furnace  and  an 
anin.al  exposure  chamber.  After  the 
sample  is  placed  in  the  furnace  on  a 
balance  the  furnace  is  heated  at  a 
constant  rate,  causing  the  sample  to 
decompose  and/or  burn.  The  animal 
chamber  is  connected  to  the  furnace  for 
a  30  minute  interval  after  the  test 
sample  begins  to  loose  weight.  Four  test 
animals  breathe  the  cooled  and  diluted 
fumes.  Animals  are  observed  10  minutes 
after  the  end  of  the  exposure  for  eye 
damage  and  survival. 

Data  showing  the  weight  loss,  and 
temperatures  of  major  events  (initial 
weight  loss,  flame)  are  collected.  The 
test  segment  is  performed  with  at  least 
four  different  starting  sample  weights 
in  order  to  define  the  relationship 
between  the  logarithm  of  the  dose  and 
the  frequency  of  the  response  (death) 
for  the  test  material. 

The  LC;o 

I 

The  unit  of  measure  used  for  comparison 
of  tested  materials  is  the  LC50.  This 
is  a  calculated  value  expressed  in 
grams.4  Other  dimensions,  e.g.,  length, 
volume  could  be  used.  The  materials 
tested  by  this  method  to  date  have 
resulted  in  LC50  values  of  less  than 

I  0.01  grams  to  greater  than  600  grams. 

Of  two  products,  the  one  having  the 
lower  LC50  value  is  the  more  toxic. 

There  are  no  absolute  rules  for  the 
interpretation  of  these  LC50  values  and 
much  discussion  has  centered  around  the 
degree  of  difference  between  two 

'  products  necessary  to  document  that  the 


two  are  not  equivalent  in  toxicity,  and 
the  inverse,  how  close  two  numbers  must 
be  to  demonstrate  similar  toxicity. 

This  was  addressed  during  the  NEMA 
project  because  of  the  need  to  verify, 
by  means  of  LC50  values,  the 
relationship  between  genericly  related 
compounds. 

Definition  of  Identity,  Replicate 
Testing 

The  repeat  studies  of  two  control 
products  have  been  useful  in 
establishing  the  range  of  LC50  values 
acceptable  for  use  in  category 
definitions.  A  series  of  22  replicate 
tests  was  conducted  with  nylon  6/6  as 
the  test  material.  The  range  of  LC,0 
values  is  from  4.8  to  8.5  grams.  The 
coefficient  of  variation  (CV)  is  18.5. 

The  smoke  generated  by  halogen 
containing  products  as  represented  by 
PVC  is  less  reproducibly  tested.  Ten 
replicate  tests  of  a  compounded  PVC 
resulted  in  a  range  of  values  from  10.0 
to  27.5  grams,  CV  25.9. 

The  22  replicate  tests  of  nylon  6/6 
represent  the  largest  pool  of  repeat  - 
testing  available  for  this  test  method. 

The  CV  of  18%  indicates  very  good 
agreement  between  test- values.  The 
chlorinated  materials  show  greater 
fluctuation  in  repeat  testing,  with  a 
coefficient  of  variation  of  26%.  The 
reason  for  the  greater  variability  *s 
not  well  defined  but  a  number  of  options 
are  readily  hypothesized.  The  sample 
itself  may  have  been  less  homogeneous. 

It  has  also  been  demonstrated  that  the 
HC1  levels  in  smoke  varies  with  time, 
humidity  and  surface  contact.  In 
either  case,  exact  replication  of 
exposure  conditions  is  difficult  to 
assure . 

In  addition,  in  animals  following 
exposure  to  HCL  the  effect  develops 
slowly  except  in  high  concentration 
exposures.  Frequently  at  the  end  of  the 
test  and  10-minute  observation  period, 
animals  are  alive  which  would  not 
survive  more  than  a  few  additional 
minutes.  By  contrast,  animals  exposed 
to  smokes  containing  rapidly  effective 
toxic  agents  seldom  are  in  such  a 
precarious  status. 

There  is  some  question  whether  the  test 
version  which  was  selected  by  the  New 
York  State  Building  Code  which  is  only 
40  minutes  in  duration,  is  too  short  to 
give  an  evaluation  of  acid  gas  releasing 
products  comparable  in  severity  to  the 
evaluation  of  products  from  which  the 
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toxic  agents  are  more  rapid  in  action. 
Data  available, in  the  Arthur  D.  Little6 
report  to  New  York  State  indicate  that 
in  a  48-hour  or  14-day  study  the  LC50  of 
some  chlorine  containing  products  would 
be  measured  as  approximately  twice  as 
potent  as  in  the  40-minute  test. 

Provisional  Guidelines  for  Categories 

Because  a  factor  of  two  or  three  is 
encountered  in  the  definition  of 
identity,  logically  it  follows  that 
related  compounds  will  show  a  broader 
spread  in  Pittsburgh  Test  values. 

On  the  basis  of  these  replicate  tests, 
it  was  our  aim  for  the  NEMA 
registrations  to  structure  categories 
such  that  a  range  of  three  between 
lowest  and  highest  LCr;)  values  would 
signify  a  family  relationship, 
indicating  similarity  of  toxic  potency 
for  products  containing  no' halogen.  For 
halogen  containing  compounds,  a  broader 
range  of  four  was  projected.  With  one 
exception,  products  which  were  outside 
the  group  due  to  unusual  chemistry  or 
LC50  values  outside  the  target  range 
were  excluded  from  the  category  and  were 
recommended  for  registration  as  single 
covered  products. 

Geometry 

An  important  preliminary  question 
whether  the  effect  of  geometry  of  the 
experimental  sample  had  an  effect  on  the 
LC5Q  value  for  these  wire  and  cable 
products  was  resolved  by  a  series  of 
tests  in  which  commercially  available 
wires  and  cables  were  examined  in 
several  different  configurations:  final 
product  with  conductor  in  place, 
jacketing  and  insulation  stripped  from 
conductor,  and  the  same  compounds  in 
pellet  form.  The  results  shown  in  Table 
2  demonstrate  that  for  these  products 
the  LC50  values  are  not  dependent  on  the 
sample  geometry.  This  was  demonstrated 
for  a  variety  of  wire  and  cable 
products. 

The  Array  of  Test  Data 

The  project  required  five  to  six  hundred 
tests  of  products,  compounds  and 
mixtures  of  compounds  used  in  the  wire 
and  cable  industry  as  insulation  and  or. 
jacketing.  The  test  results  displayed, 
without  regard  to  the  compound  identity, 
indicate  that  a  rather  uniform  behavior 
is  to  be  observed  from  these  products  on 
a  weight  basis.  The  mean  of  the  test 
results  was  21  grams,  with  a  heavy 
representation  at  the  lower,  more  toxic 
end  of  the  scale.  The  lowest  value  was  4 
grams:  highest  value  73  grams,  a  range 


over  two  orders  of  magnitude.  The 
higher  values  most  frequent  were 
obtained  from  products  which  were  highly 
filled,  as  evidenced  by  residue  weight 
data. 

If  a  longer  version  of  the  test  (24-, 
48-hour  observation  period)  had  been 
selected  by  the  New  York  State  Code 
Council,  the  distribution  of  data  points 
would  differ  as  a  result  of  changes  in 
the  values  obtained  from  the  compounds 
which  form  acid  gas  during  thermal 
decomposition . 

The  LC50  range  for  such  products  might 
be  reduced  to  about  one-half  of  the 
value  measured  at  the  10-minute  post 
exposure.  Although  the  array  of  values 
would  be  different,  the  range  between 
high  and  low  LC50  values  in  this  study 
would  probably  not  have  been  greatly 
extended. 

The  Categories.  Major  and  Minor 

Because  the  LC50  data  indicated 
sufficient  agreement  between  related 
products,  it  was  possible  to  base  the 
category  system  on  only  five  broadly 
defined  family  groups:  polyolefin 
compounds,  hydrocarbon  rubber  compounds, 
PVC  compounds,  chlorinated  rubber 
compounds  and  fluroplastics.  The 
compounds  included  in  each  major  group 
are  identified  on  Tables  3  and  4. 
Representatives  of  these  families  are 
frequently  used  alone  as  well  as  being 
used  in  most  of  the  mixtures  which  the 
matrix  would  suggest. 

For  each  presumptive  category,  examples 
of  individual  compounds  which  contained 
the  major  fire  retardants  as  well  as 
varieties  of  plasticiser,  filler  and 
stabilizer  were  tested.  Individual 
formulations  were  examined  to  determine 
whether  each  could  be  included  as  a 
category  member  on  the  basis  of  both 
chemistry  and  measured  toxicity. 
Compounds  and  mixtures  which  were 
identified  as  frequently  used  or  high 
volume  were  assigned  major  category 
status.  The  major  categories  and  test 
data  summary  are  listed  on  Table  1. 

Minor  categories  were  established  for 
products  which  were  described 
infrequently  in  the  data  submitted  by 
industry.  These  were  found  to  represent 
3  to  at  most  50  examples.  In  addition, 
these  unusual  products  were  frequently 
marketed  by  only  one  or  possibly  two 
manufacturers.  Because  of  very  limited 
use  of  these  materials  a  much  reduced 
testing  program  was  conducted  in  support 
of  these  groupings.  The  test  results 
fo  these  products,  Minor  Categories  are 
described  on  Table  5. 
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3  . 


The  groups  are  not  uniquely 
distinguished  by  the  mean  LC^0  or  the 
range  of  toxicity  values.  Significant 
overlaps  are  noted  between  groups.  The 
lower,  more  toxic  end  of  the  spectrum 
contains  compounds,  fluroplastics  and 
polyolefins  which  are  typically  used 
with  little  or  no  filler.  The  groups  of 
PVC,  hydrocarbon  rubber  and  chlorinated 
rubber  were  higher  on  the  continuum  of 
LC50  values.  Statistical  measures  can 
be  used  to  show  some  differences  between 
groups  on  a  weight  basis.  The  groupings 
do  not  show  dissimilarities  of  practical 
importance  when  compared  strictly  on  the 
basis  of  weight.  These  data  do  not 
demonstrate  the  advantage  of  one 
chemical  class  of  compounds  over  another 
used  in  wire  or  cable  products.  There 
are,  however,  differences  between 
specific  compounds  which  are  large 
enough  to  merit  attention.  The  highest 
and  lowest  values  of  the  study  are 
separated  by  a  factor  of  18. 

Application  of  Data 

The  groups  are  not  dramatically 
different  from  one  another  in  measured 
toxicity  values  although  specific 
compounds  in  the  study  will  differ 
significantly  from  others.  Because  the 
structure  of  the  categories  does  not 
reveal  individual  product  differences, 
there  is  no  easy  way  to  use  these  data 
for  compound  choices. 

To  use  LC50  data  in  a  practical  way  will 
require  individual  product  toxicity 
values  and  specific  information  about 
how  the  candidate  materials  are  to  be 
used,  e.g.,  the  jacket  and  insulation 
thickness  required  to  deliver  the 
necessary  physical  properties.  The  LC50 
values  being  expressed  in  terms  of 
weight  need  to  be  adapted  for  use  with 
compounds  which  are  applied  according  to 
a  different  measurement  unit. 

The  author  wishes  to  acknowledge  Dr. 
Peter  W.  Kopf  as  a  major  contributor  to 
this  study. 

References 

1.  New  York  State  Uniform  Fire 
Prevention  and  Building  Code, 
Article  15,  Part  1120,  Combustion 
Toxicity  Testing,  New  York 
Department  of  State,  Office  of  Fire 
Prevention  and  Control,  Albany,  NY. 

2.  Alarie,  Y.C.  and  R.C.  Anderson. 
"Toxicologic  and  acute  lethal 
hazard  evaluation  of  thermal 
decomposition  products  of  synthetic 
and  natural  polymers,"  Toxicol, 

Appl .  Pharmacol.,  51,  341,  1979. 


4. 


Alarie,  Y.C.  and  R.C.  Anderson. 
"Toxicologic  classification  of 
thermal  decomposition  products  of 
synthetic  and  natural  polymers," 
Toxicol.  Appl.  Pharmacol,  57:181- 
188,  1981. 

Weil,  C.S.  Biometrics,  8:249-263, 
1952  . 


5.  Beitel,  J.J.,  C.A.  Bertelo,  W.F. 
Carroll,  Jr.,  A.F.  Grand,  M.M. 
Hirschler  and  G.F.  Smith. 

"Hydrogen  Chloride  Transport  and 
Decay  in  a  Large  Apparatus:  II. 
Variables  Affecting  Hydrogen 
Chloride  Decay,"  Journal  of  Fire 
Sciences,  Vol.  5  March/April  1987. 

6.  Anderson,  R.C.  and  P.A.  Croce. 

Study  to  Assess  the  Feasibility  of 
Incorporating  Combustion  Toxicity 
Requirements  into  Building  Material 
and  Furnishing  Codes  of  New  York 
State.  Vol.  2:  Report  of  Findings, 
May  1983. 


International  Wire  &  Cable  Symposium  Proceedings  1988  651 


TABLE  1 


COMPOUNDS  INCLUDED  IN  EACH  CATEGORY 


Class 


Compounds 


Polyolefin 


XLPE,  LDPE,  PP,  MDPE,  PE, 
XHDPE ,  HDPE ,  EXPE ,  PPE 


Hydrocarbon  Rubber 


TPR,  SBR,  EPR,  Polyester, 
EPDM,  Natural  Rubber 


Polyvinyl  Chloride 


Polyvinyl  Chloride 


Chlorinated  Rubber 
Fluoroplastics 


Neoprene , 

CSPE , 

CPE 

PVDF ,  HFP, 
ETFE 

FEP, 

PFA 

4 


TABLE  2 


LC,Q  VALUES  FROM  PRODUCTS  AND  COMPONENTS 
Effect  of  Geometry 


Sample 

TC 

multi  conductor 
PVC/Nylon 

Flat  Cable 

multi  conductor 
Polyester/PVC 

Armored 

multi  conductor 

TC 

multi  conductor 
Neoprene/TPR 

MV  90 

single  conductor 
CSPE/EPR 

MV  90 

single  conductor 
XLPE 

THHN 

single  conductor 
PVC/Nylon 


Intact 

Product 


9 


14 

16 


16 


47 


9 


9 

11 


*  * 

*  *  * 


LC50  grams 

Disrupted 

Product 


15 


17 

17 


19,14* 


11 


Mixed 

Pellets 


14 


33 


11 


9 


*Two  separate  tests 
**Small  diameter 
***Larger  diameter 


( 


1 


NOTE:  PVC  =  Polyvinyl  chloride 
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TABLE  3 


MAJOR  CLASSES 

FOR  SINGLE 

COMPOUND  PRODUCTS 

LC50 

grams* 

#  Tests 

Mean 

Rancre 

CV 

Polypropylene 

25 

10 

8-14 

17 

Hydrocarbon  Rubber 

31 

18 

10-31 

25 

Polyvinyl  Chloride 

31 

18 

9-28 

28 

Chlorinated  Rubbers 

33 

23 

13-51 

40 

Fluoroplastics 

17 

9 

4-16 

34 

‘to 

Numbers  rounded  up  at  .5  or  above. 


TABLE  4 

MAJOR  CLASSES  FOR  PRODUCTS  WITH  MULTIPLE  COMPOUNDS 


LC50  grams* 


Comoounds** 

JL 

Tests 

Mean 

Ranqe 

CV 

PO/HR 

13 

13 

8-18 

21 

PO/PVC 

13 

18 

12-33 

37 

PO/CR 

14 

18 

12-38 

40 

HR/ PVC 

16 

20 

13-28 

22 

HR/CR 

19 

25 

16-35 

26 

PVC/ CR 

13 

27 

9-45 

36 

Nylon/ PVC 

9 

13 

9-27 

23 

PO/HR/ PVC 

9 

17 

13-20 

13 

PO/HR/ CR 

8 

15 

11-19 

19 

PO/PVC/CR 

11 

18 

14-24 

16 

HR/ PVC/ CR 

9 

22 

16-26 

15 

PO/HR/ PVC/ CR 

8 

20 

15-25 

18 

*Numbers  rounded 

up  at 

.  5  or 

above. 

**PO  -  Polyolefin;  HR  -  Hydrocarbon  rubber;  PVC  -  Polyvinyl 
chloride;  CR  -  Chlorinated  rubber. 
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Class  Name 

#  Tests 

Mean 

Ranqe 

Aramid 

3 

11 

7-17 

SR 

5 

53 

41-73 

EVA 

6 

24 

16-56 

PO/EVA 

4 

12 

10-14 

HR/ EVA 

7 

23 

11-40 

PVC/ EVA 

4 

29 

17-47 

HR/F 

5 

15 

9-27 

PVC/F 

4 

19 

14-26 

PVC/SR 

3 

28 

26-30 

CR/SR 

4 

37 

27-47 

Aramid/SR 

5 

50 

34-70 

CR/EVA 

6 

22 

20-28 

CR/F/SR 

4 

22 

14-37 

PO/ CR/EVA 

3 

14 

12-17 

PC/F/SR 

3 

16 

15-18 

PO/ PVC/ CR/EVA 

3 

20 

18-24 

*Numbers  rounded  up  at  .5  or  above . 

* *SR  -  Silicone  rubber;  EVA  -  Ethylene  vinyl  acetate  - 
Ethylene  Acrylate  Copolymer;  PO  -  Polyolefin; 

PVC  -  Polyvinyl  chlroide;  HR  -  Hydrocarbon  rubber; 

F  -  Fluoroplastic;  CR  -  Chlorinated  rubber 


654  International  Wire  &  Cable  Symposium  Proceedings  1988 


W-UN  M3 


PROCEEDINGS  OF  THE  INTEMMTIOML  HIRE  MO  CMtE 
swrosiwi  (IMCS  37TH)  HEL. .  CU>  - 


UNCLASSIFIED 


COHHUNI  CRT  I ONS-ELECTRON  ICS  COHHMO  FORT  NONMUTH  NJ 
17  NOV  M  F/O  t/1 


n.= 

t  i 

ti*. 


DR.  ROSALIND  C.  ANDERSON:  President 
Anderson  Laboratories,  Inc.,  30  River 
Street  Dedham,  Massachusetts  02026. 

Dr.  Anderson  has  more  than  ten  years  of 
active  participation  in  the  field  of 
combustion  toxicology.  With  Dr.  Yves 
Alarie  at  the  University  of  Pittsburgh 
she  developed  the  Pittsburgh  Test. 

While  manager  of  the  toxicology  unit  at 
Arthur  D.  Little,  Inc. ,  Dr.  Anderson  was 
responsible  for  the  study  for  New  York 
State  to  investigate  the  potential  use 
of  a  combustion  toxicity  test  in  the 
State  Building  Code.  She  conducted  the 
study  for  the  National  Electrical 
Manufacturers  Association  which  resulted 
in  categories  approved  by  New  York  State 
for  the  registration  of  millions  of 
products  in  compliance  with  Code 
15/1120.  Dr.  Anderson  was  an  invited 
participant  on  the  National  Academy  of 
Science  Committee  on  Combustion 
Toxicology. 

Dr.  Anderson  earned  her  graduate  degrees 
at  Yale  University  School  of  Medicine. 
She  is  a  member  of  the  Society  of 
Toxicology  and  ASTM. 


I 


I 


International  Wire  &  Cable  Symposium  Proceedings  1988  655 


AXE  EXCHANGE  CABLE  FIRE  PERFORMANCE  TESTING 

I 


Loris  Colla 


David  J .  Adams 


Stephen  Grub its 


Telecom  Australia 
Metropolitan  Division 
Network  Management 
Melbourne 


Telecom  Australia 
Research  Laboratories 
Melbourne 


National  Building 
Technology  Centre 
Sydney,  Australia 


ABSTRACT 

Telecom  Australia  is  planning  the 
introduction  of  halogen- free ,  low- smoke, 
fire-retardant  cables  Cor  use  in  r'«sw  ored 
Programmed  Control  switching  installations. 
This  paper  describes  the  work  undertaken  by 
Telecom  Australia  to  determine  the  grades  of 
commercially  available  materials  considered 
suiLabJe  for  use  in  the  exchange  environment 

Tests  were  commissioned  to  assess  the 
reaction  to  fire  for  the  specific 
application,  addressing  the  majority  of 
cable  installation  configurations. 

The  testing  programme  undertaken  has 
determined  several  alternative  grades  of 
comercially  available  materials  considered 
suitable  for  use  and  capable  of  replacing 
PVC  as  the  cable  sheath  material. 


INTRODUCTION 

The  all-electronic,  AXE  10  Ericsson,  Stored 
Programmed  Control  telephone  switching 
system  was  adopted  by  Telecom  Australia  for 
the  modernisation  of  the  telephone  switching 
network  in  1981 .  AXE  10  is  the  basis  for 
the  evolving  digital  switching  networks  of 
the  future  and  is  used  in  more  than  60 
countries  worldwide. 

Telecom  Australia  AXE  exchange  cable  design 
requirements  were  described  by  E.  Buczma  el 
al  at  the  1987  IWCS* .  Telecom  Australia 
adopted  a  halogen- free ,  fire-retardant 
conductor  insulation  in  1984,  that  evolves 
low  levels  of  corrosive  and  toxic  gases  when 
exposed  to  fire.  This  material  replaced  the 
more  expensive  nylon  insulation  previously 
used  in  these  cables  and,  in  addition, 
offered  superior  electrical  and  flammability 
properties  were  required.  However,  until 
now  the  outer  cable  sheath  has  remained  PVC. 


Telecom  Australia  has  experienced  a  number 
of  exchange  fires^.  The  damaged  caused 
and  the  high  cost  of  restoration  resulting 
from  the  burning  of  relatively  small  amounts 
of  PVC.  strengthened  intention  that  its 

use  in  new  installations  should  not  be 
perpetuated . 

The  presence  of  Irritant  gases  and  dense 
smoke  are  features  of  fires  involving  PVC, 
particularly  when  considerable  heal  is 
generated  in  an  enclosed  space  and  there  are 
high  volumes  of  PVC  cable  such  as  in  a 
telephone  exchange. 

Comprehensive  examination  of  surfaces 
covered  with  soot  is  not  immediately 
possible,  and  it  is  usually  weeks  after  a 
fire  that  the  corrosive  damage  caused  is 
fully  apparent.  Any  preventative  measures 
are  then  too  late,  and  repairs  and 
replacements  of  equipment  are  expensive. 

Such  damage  generally  exceeds  many  times 
over,  that  caused  by  the  fire  itself,  since 
no  equipment  or  apparatus  installed  in  the 
vicinity  of  the  fire  escapes  contamination 
by  the  corrosive  vapour  and  the  smoke. 

Damage  caused  to  Printed  Circuit  Board 
Assemblies  by  smoke  has  been  particularly 
evident . 

Considerable  damage  can  also  occur  to  the 
exchange  building  and  cases  have  been 
reported-*  where  the  concrete  and  steel 
reinforcement  were  badly  damaged  by 
hydrochloric  a^id  attack  with  the  result 
that  the  entire  building  had  lo  be 
demolished.  In  addition,  the  emission  of 
toxic  fumes  required  the  evacuation  of 
several  blocks  of  homes  in  the  vicinity. 

Significant  damage  has  also  been  reported* 
where  a  fire  was  confined  on  one  floor  of  a 
multi- storey  telephone  exchange  but  caused 
smoke  and  toxic  related  damage  to  equipment 
on  the  other  floors  of  the  building.  In 
this  case,  smoke  was  given  off  in  large 
volumes  during  the  fire  which  was  a  hazard 
in  itself  by  obscuring  exits  and  totally 
hindering  fire  fighting  operations. 
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Also  smoke  that  deposited  as  fine  soot  on 
surrounding  surfaces,  absorbed  the  hydrogen 
chloride  gas  released  from  the  PVC  during 
the  fire.  With  atmospheric  water  vapour, 
this  gas  converted  to  hydrochloric  acid 
leaving  a  very  corrosive  acid  soot  firmly 
adhered  to  all  surfaces,  not  only  in  the 
near  vicinity  of  the  fire,  but  also  at 
locations  well  away  from  the  fire  source. 

OBJECTIVES  OF  THE  PROGRAMME 

The  overall  objective  of  the  programme  was 
to  substitute  the  use  of  PVC  compounds  with 
low-smoke,  halogen- free ,  fire-retardant, 
thermoplastic  materials  suitable  for  use  in 
Telecom  exchange  cables. 

This  entailed  the  following,  more  specific, 
objectives  : 

1.  Determine  the  cable  types  that  are 
targets  for  PVC  replacement. 

2.  Determine  fire  scenarios  and  cable 
configurations  to  be  used  in  the  design 
of  full  scale  fire  tests. 

3.  Develop  techniques  for  measurement  of 
fire  characteristics  in  Cull  scale 
tests.  The  full  scale  test  is  used  to 
predict  the  performance  of  the  cable 
system  under  fire  conditions  that  is 
appropriate  for  the  intended 
application . 

4.  Establish  the  level  of  correlation  of 
small-scale  measurements  of  materials 
(ignition  energy,  rate  of  heat  release, 
smoke  produced),  with  the  full-scale 
tests  of  relevant  fire  situations. 
Future  formulation  changes  on  new 
materials  can  therefore  be  readily 
assessed . 

CABLE  TYPES  FOR  PVC  REPLACEMENT 

Cables  containing  PVC  insulation  and  sheath 
compounds  have  been  used  by  Telecom 
Australia  in  all  telephone  exchange  cabling 
except  in  the  case  of  the  AXE- 10  Ericsson 
exchange-*.  For  AXE-10,  as  previously 
discussed,  the  conductor  insulation  is  a 
halogen-free,  fire-retardant  material,  but 
the  outer  cable  sheath  has  remained  PVC. 

As  telephone  switching  growth  is  now  almost 
exclusively  provided  by  AXE  equipment  it  was 
decided  to  confine  the  substitution  of  PVC 
to  AXE  cables  only.  It  is  envisaged  that 
AXE  (and  its  future  equivalents)  will 
replace  all  earlier  switching  equipment  by 
about  the  year  2010. 


SCREENING  TESTS  FOR  CABLE  SHEATHING  MATERIALS 


In  early  1987,  Telecom  Australia  began  an 
evaluation  programme  of  a  number  of 
halogen-free,  non- drip,  fire-retardant, 
low-smoke  polymers  capable  of  replacing  PVC 
as  the  cable  sheath  material.  Twenty-three 
commercial  and  experimental  materials  were 
sourced  and  screened  according  to  the 
laboratory  tests  described  in  Table  1,  for 
extrusion  trials  on  cable  for  evaluation  in 
the  subsequent  fire  tests.  These 
requirements  had  to  be  met  before  a  material 
would  be  considered. 


IA8U  I 

SCREENING  TESTS  FOR  HALOGEN  FREE.  LOW  SMOKE .  FIRE 
RETAR0AN7  SHEATHING  MATERIALS 


TEST  CCRtffNTS 

I.  Dimensional  Stability  Cable  sheath  1$  expected  to 

retain  dimensional  stability  on 
being  subject  to  a  moderate  heat 
flu*  The  tf«*  consults  of  a 
plaque  150  *  A  *  3  mb  being  hung 
long! tudlnally  In  an  oven  at 
ioo°C  for  5  day*,  rt»e  plaque 
must  not  distort  In  the  vertical 
ads 

2  Minimum  Oxygen  Concentration  (M0C>  Both  this  test  and  th#  Critical 

Temperature  Index  are  attempts 
to  screen  out  Materials  with 
Inadequate  combustion 
properties  The  Materials  Must 
have  an  HOC  equal  to  or  greater 
than  J«l 

3.  Critical  Te«perature  Index  <CH>  The  te«peratur*  at  which  a 

Material  will  Just  support 
combustion  In  an  oxygen 
concentration  of  20.91  when 
tested  in  accordance  to  the 
•fthod  for  MX.  The  materia) 
Must  have  a  CM  of  greater  than 
?60°r 

«.  Smoke  Evolution  This  test  Is  perforated  using  the 

Arapahoe  Smoke  Chamber  In  ASTM 
MIPO-iga?  The 
determines  by  mast  the  evolved 
smote  and  particulate  matter. 

The  material  must  have  a  value 
less  than  21. 

5.  Tensile  and  Elongation  at  Break  The  Initial  elongation  values 

must  be  greater  than  1501  and 
retain  at  least  BOX  of  It's 
initial  value  after  ageing  at 
100°C  for  5  days.  The  Initial 
tensile  break  strength  must  be 
equal  to  or  greater  than  10  MPa 
and  retain  at  least  BOX  of  It’s 
Initial  value  after  ageing  at 
I00°C  for  5  days 

6.  Corrosivity  The  final  conductivity  must  be 

less  than  lOOpS/ca  and  the 
final  pH  greater  than  3  5  when 
tested  in  accordance  with  the 
modified  method  of  01N  57  207 
Part  23. 
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Six  materials  were  found  to  satisfy  the 
above  conditions.  These  compounds  are  based 
on  polyolef inic  copolymers  filled  with 
hydrated  alumina  or  a  similar  inorganic 
filler  which  endothermically  react  to 
liberate  water  at  high  temperatures.  These 
types  of  materials  also  satisfied  the 
tolerable  cost  penalty  relative  to  PVC 
sheathed  cables. 

Methods  of  test  for  the  combustion 
propagation  characteristics  of  single 
specimens  of  these  materials  with  a  small 
heat  source  of  ignition  do  not  give  a 
indication  of  actual  fire  behavior  of 
multipile  lengths  of  cable  installed  in  the 
exchange . 

Accordingly,  the  test  for  Early  Fire  Hazard 
Properties  of  Materials  of  Australia 
Standard  1530.3-1982,  as  described  by  E. 
Buczma  et  al  at  the  1987  1WCS*  is  applied 
to  cables  with  a  view  to  using  this  test  as 
a  means  of  grading  their  intrinsic  ignition, 
flame  spread,  heat  release  and  smoke 
evolution  properties. 

Australian  building  regulations  use  the  AS 
1530.3-1982  test  methods  and  the 
requirements  exclude  the  use  of  materials 
which  have  rapid  flame  spread  and  which 
produce*  considerable  smoke  in  essential  fire 
escape  ways . 


construction  op  the  axe  exc«*ncf  cables 


Cable  Size 

No  of  Wires 

Cable 

Diameter 

(mm) 

Sheath 

Thickness 

(mm) 

Sheath 

Material 

Type 

64* 

9  0 

1  2 

SMI 

64w 

90 

1  .  4 

SM2 

64w 

9.3 

1.3 

SM3 

64w 

9.2 

1  4 

SM4 

64w 

8.8 

0.9 

PVC 

8* 

5.4 

1.0 

SM5 

ft* 

5  2 

1  0 

SM4 

8w 

5.3 

1  4 

SM2 

8w 

5.5 

1  1 

SM3 

8w 

52 

1  .0 

SM6 

8w 

50 

0.7 

PVC 

NOTES  : 

l  w  •  wires 

2.  AH  cables  consist  of  0.4  mm  dla  copper  conductors. 

3.  AM  cables  consist  of  Noryl  Px  1766  conductor  insulation  Hip-,  a 
mean  radial  wall  thickness  of  01  mm. 

4  Sheath  Material  ($M>  codes  used  for  the  halogen-free  materials 
under  evaluation. 

SMI  -  Pirelli  A  fume*  4710  SV 

SMC  -  Pirelli  SV0  iOO 


The  standard  regime  of  increasing,  impressed 
radiant  heat  applied  to  the  lest  specimens 
in  this  method  was  originally  defined 
following  studies  made  al  l he  Australian 
National  Building  Technology  Centre 
(NBTC)6  of  the  heal  energy  impressed  on 
the  walls  of  a  lest  room  when  various  small 
fires  were  deliberately  kindled.  The  NBTC 
was  commissioned  by  Telecom  Australia  to 
conduct  both  the  Early  Fire  Hazard  and  full 
scale  fire  tests. 

The  six  sheath  compounds  selected  from  the 
screening  test  programme  of  Table  1  were 
subsequently  used  to  manufacture  trial 
lengths  of  AXE  exchange  cables.  The  types 
and  «'onst rue t  ion  of  the  cables  subjected  lo 
AS  153o  3  and  the  full  scale  fire  test  are 
listed  in  Table  2.  The  results  of  the  tests 
for  Early  Fire  Hazard  properties  are  listed 
in  Table  3. 


SM3  -  ICl  CTR  95 
SM4  .  Megolon  S  300 
$M5  -  Megolon  S  1 


SM6  - 

Mitsubishi  f R 

3201 

TABLE 

3 

RESULTS  OP  THE  EARLY 

EIRE  HAZARD 

TESTS 

Cable  Size 

No  of  Hires 

Sheath 
Mater  la) 

Iqnl t ion 

T 1  me 
(min) 

F 1  a  me 
Sprpad 
(min) 

Heat 

Evolved 

<kJ/mO 

Mean  Optical 
Smoke  Density 
(m-1 ) 

64w 

SMI 

11.6 

2.1 

101.3 

0.07 

64w 

BM2 

9  5 

• 

98  0 

0  06 

64* 

SM3 

9.2 

• 

86  ft 

0  18 

64* 

SM4 

12.3 

* 

14  7 

0.29 

64w 

PVC 

7  1 

• 

49  9 

1  .52 

Bw 

SM5 

6.8 

* 

32  5 

0  33 

Bw 

SM4 

7.9 

1  9 

7ft  6 

0  15 

Bw 

SM2 

7.5 

1  3 

140.0 

0  07 

Aw 

SM3 

7  ft 

1  6 

120  0 

0  10 

Bw 

SM6 

8  6 

1  .  1 

153  0 

0  09 

Bw 

PVC 

6.6 

* 

90.5 

1  55 

•  flame  spread  time  not  determined  for  «ppc1men*  that  fall  to 
rpglster  the  1  4  kH/m?  Increase  In  radiant  heat 


658  International  Wire  &  Cable  Symposium  Proceedings  1988 


CABLE  CONFIGURATIONS  FOR  THE  FULL 
SCALE  FIRE  TESTS 

Inspections  of  several  AXE  exchanges  were 
conducted  to  determine  Uie  most  appropriate 
cable  configuration  to  be  used  in  designing 
the  full  scale  fire  tests. 

The  guiding  principle  used  in  the 
inspection  assessment  was  that  the  cable 
configuration  chosen  for  full  scale  fire 
test  reflect  the  most  common  and  vulnerable 
situation . 

Examination  of  all  exchanges  revealed  five 
possible  configurations  for  AXE  exchange 
cables,  three  vertical  (Figs  1,2,3)  and  two 
horizontal  (Figs  4,5). 

Horizontal  cable  configurations  were 
disregarded  because  it  was  considered 
significantly  less  severe  than  the  vertical 
conf igurations . 

Cables  configured  in  the  exchange  as  shown 
in  Fig.  3  were  chosen  for  incorporation  in 
the  full  scale  fire  test.  This 
configuration  of  bunched  cables  was 
considered  to  reflect  the  most  common  and 
vulnerable  setting  for  a  fire.  The  riser 
shaft  cable  configuration,  shown  in  Fig.  2, 
all  hough  depicting  a  high  volume  of  cables, 
was  not  considered  as  vulnerable  and 
certainly  not  as  common.  The  cable  service 
shaft  in  all  AXE  exchange  buildings  is 
'fire  stopped'  at  all  openings7  and  is 
located  in  isolation,  away  from  equipment 
and  personnel. 

Therefore,  the  cable  configuration  selected 
for  the  full  scale  fire  test  was  chosen  to 
depict  the  cable  arrangements  and  fire 
scenario  shown  in  Fig. 3  and  incorporates  : 

bunching  of  cables  with  three  bunches 
of  varying  bunch  sizes  : 

4,8  and  16  cables  in  each  bunch. 

a  single  layer  of  bunches  suspended 
vertically. 

spacing  of  bunches  of  25  mm. 

fixing  of  bunches  at  intervals  of  300 
mm  with  a  single  cable  tie. 

use  of  a  ladder  arrangement  to  support 
the  bunches. 


FULL  SCALE  FIRE  TEST 

The  full  scale  fire  test  is  an  essential 
part  of  Lhe  PVC  replacement  programme.  The 
test  is  used  as  a  measure  to  predict  the 
performance  of  the  AXE  cable  configurations 
with  various  sheath  materials  under  fire 
conditions  that  may  be  anticipated  under 
conditions  of  actual  use. 

With  the  advent  of  many  new  polymeric 
materials  whose  widely  differing  fire 
performance  properties  are  not  known,  there 
has  been  a  proliferation  of  new  small  scale 
test  methods,  most  of  which  originated  as 
ad-hoc  tests  in  laboratories.  Their 
relevance  to  the  performance  of  products  in 
real  fires  was  seldom  a  factor  in  their 
development.  A  few  of  these  test  methods 
have  achieved  recognition  as  standard 
methods  by  virture  of  their  endorsement  by 
standards  organisations. 

Intrinsic  property  tests,  such  as  oxygen 
and  temperature  index  are  of  more  use  in 
product  development,  quality  control  and  in 
the  establishment  of  specifications  and 
regulations.  For  instance,  oxygen  index  is 
not  useful  in  establishing  fire  hazard 
standards.  For  materials  such  as  those 
under  evaluation,  a  small  heat  source  for 
ignition  can  be  insufficient  to  overcome 
the  expected  large  activation  energy  caused 
by  the  flame  retardants.  Hence,  higher 
oxygen  concentrations,  (higher  01  levels), 
are  required  to  obtain  ignition.  However, 
with  a  sufficiently  large  ignition  source 
the  resultant  heat  release  by  the  fuel  may 
be  sufficient  to  overcome  the  activation 
energy  and  cause  the  material  to  continue 
burning. 

The  full  scale  test  provides  the  most 
reliable  measure  of  hazard  potential  with 
the  intention  to  correlate  the  properties 
measured  with  the  Early  Fire  Hazard  Tests. 

The  full  scale  fire  test  configuration  is 
shown  in  Fig.  6. 
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Fig.  4 

Exchange  Equipment 
Shelf  Cab!'  '■'‘'figuration 
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Bundles  of  cables,  6  » 
1 G  8  4 


Measurements : 

*  Fire  height  *ith  ti»e 

*  Smoke  evolution 

*  Oxygen  depletion 

*  Carbon  Monoxide  evolution 

*  Temperature  profile 

*  Heat  output 

*  Video  record 


Fig.  6  full  Scale  Fire  Test  Configuration 

The  emphasis  of  l.he  full-scale  Lest 
procedure  was  lo  reproduce  the  most,  likely 
fire  scenario  described  previously.  The 
severity  of  the  Igniting  fire  source  was 
chosen  to  represent  a  likely  fire  severity 
that  could  be  encountered.  The  fire  source 
severity  was  chosen  Lo  be  approximately  a 
150  kW  fire  of  10  minute  duration  which  was 
considered  to  be  equivalent  to  a 
waste  paper  basket  fire  consisting  of  paper 
and  cleaning  rags  containing  flammable 
solvents . 

A  standardised  and  more  reproducible  fire 
source  consisting  of  9  sticks  of  300  x  25  x 
13  mm  and  4  sticks  of  150  x  25  x  13  mm 
softboard  arranged  to  form  a  5  layer  high 
crib  was  used.  Immediately  prior  to  the 
test,  the  sticks  were  soaked  in  600  mL  of 
ethanol  in  a  sheet  metal  tray  measuring 
305  x  457  mm.  The  tray  was  used  to  hold 
the  crib  during  the  test. 

This  fire  source  was  considered  to  be  more 
appropriate  than  the  ribbon  type  propane 
gas  burner  heat  source  specified  in  I EC 
332-3,  ’’Tests  on  electric  cables  under  fire 
conditions,  Part  3  -  Tests  on  but  ^hed  wires 
or  cables”.  The  20  kW  heal  output  of  the 
TEC  332-3  burner  was  not  considered  to  be 
sufficiently  severe  Lo  represent  a  typical 
fire  scenario  nor  does  it  preheat  the  cable 
significantly  above  the  ignition  source  as 
t-ould  be  the  case  with  a  real  fire. 


To  compare  the  characteristics  of  a  waste 
paper  basket  fire  containing  paper  and 
cotton  rags  soaked  with  ethanol  and  the 
full  scale  test  ignition  source,  heat 
release  and  radiant  heat  flux  measurements 
were  undertaken  to  achieve  correlation®. 

The  radiant  heat  flux  was  measured  using  a 
heat  flux  transducer  located  in  the  plane 
where  the  cable  would  be  burning  during  the 
full  scale  fire  test  at  approximately  300 
mm  above  the  fuel  surface  where  the  maximum 
radiant  heat  flux  was  expected.  The  heat 
release  rate  was  measured  by  Oxygen 
Calorimetry . 

The  fire  shaft  test  facility  consisted  of  a 
6  m  high  masonry  shaft  with  a  1  m  x  1  m 
internal  cross-sectional  area.  The  shaft 
was  lined  inside  with  glass-fibre 
reinforced  plaster  sheets.  The  shaft  was 
provided  with  a  0.8  m  x  2.8  m  opening  on 
the  observation  room  side  at  its  base  and  a 
0.8  m  square  opening  on  the  same  side  of 
the  shaft  near  the  top.  Both  openings  in 
the  shaft  terminated  within  the  main  test 
building. 

A  centrifugal  fan  was  used  to  induce  a  0.2 
m/s  draft  in  the  shaft  and  to  vent  the 
combustion  products  to  the  outside.  A  wire 
mesh  cable  ladder  was  attached  to  the  wall 
of  the  shaft  opposite  the  openings. 

The  test  shaft  was  equipped  with  the 
following  instrumentation  located  at  the 
top  of  the  shaft  opening  : 

Thermocouples.  Three  type  K 
thermocouples  to  measure  the 
temperature  of  the  combustion  products. 

Anemometer.  An  insulated  paddle 
anemometer  was  located  in  the  centre 
of  the  opening  to  monitor  flow  of  hot 
gases . 

Smoke  Density  Meter.  A  photoelectric 
type  smoke  density  meter  was  located 
vertically  across  *he  opening.  The 
meter  consisted  of  a  light  source  that 
direcled  a  near  collimated  beam  of 
light  to  a  photodetector  across  a  0.75 
m  smoke  path. 

Gas  Sampling  Probes.  A  stainless 
steel  probe  was  used  to  collect 
samples  of  the  combustion  products  for 
analysis  by  a  paramagnetic  type  Oxygen 
Analyser  and  an  infra-red  absorption 
type  carbon  monoxide  gas  analyser. 
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In  addition,  cotton  threads  were  located 
across  the  face  of  the  cables  at  1.0  m 
vertical  increments  to  monitor  the  rate  and 
extent  of  flame  spread.  The  threads  were 
tied  to  microswitches  which  were  connected 
to  data  logging  equipment. 

The  output  of  the  transducers  and  flame 
spread  monitors  were  connected  to  a 
datalogger  that  sampled  all  the  channels 
once  every  10  secs. 


DISCUSSION  OF  RESULTS 


Assessment  of  the  results  recorded  for  the 
Early  Fire  Hazard  tests.  (Table  3),  the 
full  scale  tests,  (Table  4)  and  the  ranking 
of  materials,  (Tabic  *i),  yielded  the 
following  comparative  observations 
concerning  the  flammability  and  smoke 
characteristics  of  the  materials  evaluated. 

PVC  ignited  the  earliest . 


A  video  camera  connected  to  a  recorder  was 
located  at  the  base  of  the  shaft  to  view 
the  ignition  and  early  stages  of  flame 
propagation  on  the  cables.  A  second  camera 
was  located  on  the  floor  above  to  view  the 
flame  spread  within  the  shaft. 


PVC  contained  the  spread  of  flame 
better  than  most  materials,  (except 
SMS),  even  though  its  minimum  oxygen 
concentration  is  the  lowest  of  all  of 
the  materials.  The  rate  of  flame 
spread  was  similar  for  all  materials. 


FULL  SCALE  FIRE  TEST  RESULTS 

Table  4  records  the  results  obtained  for 
the  full  scale  fire  tests  depicting  the 
following  characteristics  : 

Ignition  time.  The  time  for  the 
cables  to  ignite. 

Flame  Spread.  The  time  for  the  flames 
to  reach  the  4  m  marker. 

Heat  Evolved.  The  rate  of  heat 
evolved  is  calculated  from  the 
flow- rate  and  the  temperature  rise 
data.  No  attempt  was  made  to 
compensate  for  losses  in  the  heat 
release  determination  as  the  values 
were  meant  principally  for  comparison 
and  ranking  purposes. 

Smoke  Density.  The  maximum  smoke 
density  (averaged  over  a  one  minute 
period),  together  with  the  value  of 
the  integral  representing  the  total 
quantity  of  smoke  produced. 


The  heat  released  from  PVC  burning 
cable  is  comparatively  low. 

PVC  produced  the  highest  levels  of 
smoke  and  was  distinctively  darker  in 
nature . 

Material  SM4  comparatively  displayed 
the  best  overall  performance. 

The  level  of  correlation  between  the 
Early  Fire  Hazard  test  (small  scale 
test)  and  the  full  scale  fire  test 
results  to  assess  comparative  material 
ranking  was  satisfactory  for  the 
ignitiion  time,  spread  of  flame  and 
heat  evolved  characteristics,  (refer 
to  Table  5) . 

However,  the  level  of  correlation  for 
the  smoke  density  measurements  was 
poor  and  requires  further 
investigation.  For  the  purposes  of 
discussion  here,  the  smoke  density 
results  obtained  for  the  full  scale 
tests  will  be  used. 


TABLE  4 

All  halogen  free,  fire  retardant 

Cable  Sire 

Ho  of  Hires 

RESULTS  Of  THE 

Sheath  Ignition 

Material  Time 

(mln> 

EULL  SCALE  FIRE  TESTS 

Flame  Heal  Ha*  Smoke 

Spread  FvoNed  Developed 
<mln>  <kH>  (m  ') 

Total  Smoke 
Developed 

Car* ) 

materials  evaluated  displayed 
acceptable  minimum  fire  performance 
requirements  for  use  in  the  telephc 
exchange  environment. 

64* 

SHI 

1.2 

9.1 

26  2 

0. 41 

95  0 

64* 

SM2 

0.8 

6.6 

44  3 

0.65 

95  3 

64* 

SM 

0.8 

9  3 

79  8 

0  25 

4E.7 

64* 

SM4 

IS 

13  7 

0  11 

22.4 

64* 

PVC 

0.2 

7  9 

l  39 

133.7 

6* 

SH5 

0.7 

6.9 

0.06 

4.9 

SH4 

0.9 

6  2 

0.05 

II 

8* 

SM2 

0  8 

7  6 

0  06 

7.7 

8* 

SH3 

0.9 

/.I 

0  03 

2.7 

8* 

SM6 

0.7 

7  6 

IS. 5 

0  26 

20.7 

8* 

PVC 

04 

* 

3  6 

0.58 

16.2 

*  Indicates 

that  the 

flame  spread  dt d  not 

reach  the 

4  m  marker 
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CONCLUSIONS 


TABLE  S 

RANKING  OF  MATERIALS 
Early  fire  Hazard  Tests 


Sheath 

Ignition 

flame 

Hea  t 

Smoke 

Material 

T1 

Spread 

Evoived 

Density 

SMI 

2 

7 

6 

2 

SM2 

4 

5 

5 

1 

SM3 

5 

4 

4 

4 

SM4 

1 

3 

2 

S 

SMS 

6 

) 

1 

6 

SMS 

3 

6 

7 

3 

PVC 

7 

2 

full  Scale  fire 

3 

Tests 

7 

Sheath 

Ignition 

fiiw 

Heat 

Smoke 

Material 

Time 

Spread 

Evolved 

Density 

SMI 

2 

S 

4 

4 

SM2 

4 

6 

6 

5 

SM3 

3 

4 

5 

2 

SM4 

1 

3 

2 

1 

SMS 

5 

1 

3 

3 

SM6 

6 

7 

7 

7 

PVC 

7 

2 

1 

6 

Overall  Ranking  * 


Sheath  Material  Ranking 
SHI  « 

5M2  5 
SM3  3 
SM4  I 
SM5  2 
SM6  6 
PVC  2 


*  Overall  ranking  was  based  on  biasing  the  order  of  Importance  placed  on 
the  character istlcs  measured  The  order  of  importance  used  was  the 
fo!*”w!ng  : 

1 .  Smoke  density 

2.  Flame  spread 
3  ignition  time 
4,  Heat  evolved 

PVC  Is  ranked  last  as  It  contains  halogen.  to*lc  materials  and  produces 
considerable  smoke  during  combustion 


The  cable  fire  performance  testing 
programme  undertaken  has  determined  several 
alternative  grades  of  commercially 
available  materials  considered  suitable  for 
use  in  Lhe  AXE-10  Ericcson  exchange 
environment  and  capable  of  replacing  PVC  as 
Lhe  cable  sheath  material. 

The  materials  were  comparatively  assessed 
and  rated  for  their  fire  performance 
behavior  under  fire  conditions  that  may  be 
anticipated  under  conditions  of  actual  use. 

The  programme  conducted  here  will  enable  a 
cable  specification  to  be  issued  for  the 
introduction  of  halogen-free,  low-smoke, 
fire-retardant  cables  for  use  in  all  new 
AXE-10  Ericsson  telephone  exchanges. 
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Abstract 

In  the  fiber  optic  telecommunications  market 
investigations  meanwhile  focus  on  the 
subscriber  network.  In  contrast  to  the  long- 
haul  communication  routes  the  fiber  optic 
connectors  play  an  important  role  concerning 
the  cost  of  the  subscriber  line.  To  achieve  a 
low  cost  level  without  loosing  in  single  mode 
fiber  connector  quality,  nowadays  proved  to  be 
standard,  a  completely  new  connector  design  was 
developed.  The  design  comprises  precision 
injection  molding  technique  for  almost  all 
parts,  including  the  fiber  centering  component 
which  incorporates  a  V-groove.  The  mean 
insertion  loss  can  be  as  low  as  0.05  dB,  the 
return  loss  was  40  dB  and  more. 


1.  Introduction 


losses  well  below  1  dB  are  expected. 
Considering  this  situation  the  question  arose 
whether  it  is  possible  to  make  use  of  the  high 
precision  geometry  of  the  fiber  itself  by 
coupling  two  fibers  via  their  cladding  in  a 
common  V- groove. 


2.  V-qroove  coup! inq 

The  influences  on  the  insertion  loss  of  a 
cladding-cladding-coupling  in  a  V-groove  can 
be  divided  into  two  groups:  First,  there  are 
the  statistically  distributed  spot  size  radii 
of  the  fibers,  second,  the  statistical 
distribution  of  the  fiber  geometrical 
parameters.  These  factors  had  to  be  analyzed 
very  carefully  to  give  an  answer  to  the  above 
question. 

2.1  Different  spot  size  radii 


In  the  near  future  fiber  optic  technologies 
are  expected  to  penetrate  into  the  subscriber 
network.  Because  of  the  huge  transmission 
capacity  of  single  mode  fibers  which  probably 
will  satisfy  all  demands  even  on  a  large  time 
scale  the  advisable  technology  will  be  the 
single  mode  one.  This  new  application  area 
requires  new  concepts  for  the  connection 
technology:  Cost  is  an  important  factor, 
beca  .  of  the  higher  number  of  connectors  per 
fiber  kilometer;  packaging  and  packaging 
density  is  important  for  the  effective  line-up 
in  cross  connection  cabinets  [1];  last  but  not 
least  low  insertion  and  high  return  loss 
characteristics  either  allow  the 
implementation  of  low  cost  light  emitting  and 
receiving  devices  into  the  system  or  very  high 
speed  systems  being  vulnerable  to  reflections 
from  imperfections  in  the  transmission  line. 
The  synthesis  of  these  two  requirements,  high 
quality  and  low  price,  which  are  in  general 
judged  to  be  diametrically  opposed,  does  not 
lead  to  an  adequate  solution,  if  conventional 
techniques  are  used.  Connector  ferrules 
(cylindrical  as  well  as  conical)  for  single 
mode  fibers  always  need  single  part  machining, 
core  alignment  procedures  and  time-consuming 
grinding  and  polishing  in  order  to  achieve  the 
submicron  precision  of  the  core  centricity  in 
the  ferrule  which  is  necessary  if  insertion 


Starting  with  Marcuses  derivation  of  the  loss 
a  when  coupling  two  fibers  with  spot  size  w, 
und  <h2, 

a  -  -  10  log  (  -yf-rj-  V  ,  V  =  (1) 

the  distribution  of  the  loss  a  was  calculated 
when  assuming  spot  sizes  that  are  distributed 
gaussian.  The  theoretical  calculations  as  well 
as  the  experimental  investigations  prooved 
that  the  excess  loss  caused  by  this  effect  is 
only  of  minor  importance  [2]:  Coupling  fibers 
the  spot  sizes  of  which  are  distributed  around 

9  pm  with  a  standard  deviation  of  0.25  pm  will 
result  in  a  mean  excess  loss  of  0.02  dB  only. 

If  9  pm  spot  size  fibers  should  be  coupled  to 

10  pm  spot  size  fibers  both  of  them  having 
0.25  pm  standard  deviation  the  value  for  the 
mean  excess  loss  will  be  slightly  increased  to 
0.08  dB. 

2 . 2  Fiber  geometry 

All  fibers,  regardless  of  the  manufacturing 
process  employed,  come  along  with  statistically 
distributed  values  for  the  cladding  radius  R, 
circularity  and  core  centricity.  The  core 
position  of  a  fiber  to  be  coupled  via  its 
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cladding  in  a  90  degree  V-groove  is  shown  :n 
figure  1:  The  distribution  of  R  is  described  by 
the  deviation  6  from  the  mean  R,  the  non¬ 
circularity  is  characterized  by  the  two 
oarameters  r]  and  \f>,  the  core  excentricity  is 
expressed  by  e  and  < p. 


Statistical  analysis  allowed  the  calculation 
of  the  loss  distribution  as  a  function  of 
given  statistics  of  the  geometry  parameters. 
Figure  2  shows  the  probability  density  and  the 
accumulated  probability  for  an  arbitrarily 
chosen  set  of  fiber  geometry  parameters  that 
results  in  a  mean  loss  of  0.2  dB. 


t  n  t  2*  ♦  2n  V 


Fig.l:  Fiber  core  position  in  90"  V-groove  and 
parameter  distributions 

The  lower  part  of  figure  1  shows  the 
distributions  for  these  five  parameters,  they 
are  assumed  to  be  gaussian  except  for  the  two 
angles  which  should  be  uniformly  distributed. 

So  the  core  position  is  a  function  of  these 
five  variables.  After  some  calculation  an 
analytical  solution  is  found  for  the  mean  value 
a  of  the  loss: 


20  loq  e 

- wT~ 


(2  a*  +  e 


+  o  2  +  T)  2  +  a  2) 

'  ’  (2) 


The  equation  shows  that  the  mean  loss  depends 
twice  as  strong  on  the  width  of  the 
distribution  of  the  cladding  diameter  as  on  the 
other  variables. 


p(a  ) 


0,20  ' 


0.15  • 


O.lO 


0.05 


U 


p(a) 


a  =  0.2  dB 


0.25 


0.5 


.  :  rj  :  0.3 
CC~  <V0.15*nn 
ci  =  035*  m 


Pla) 


i-  0.3 

'  0.6 

j 

0.4 

0.2 

ol  dB] 


Fig.  2:  Probability  density  p ( a )  and 
accumulated  probability  P ( a ) 

The  experimental  investigation*  included 
fibers  from  different  manufacturers.  Very 
extensive  coupling  measurements  were  made  [2]. 
For  non-identical  fibers  from  ore  manufacturer 
each  a  mean  loss  of  0.11  dB  was  measured.  When 
coupling  identical  fibers  the  mean  loss  was  as 
low  as  0.07  dB. 

These  results  indicate  that  the  parameter  set 
chosen  above  for  the  example  does  not  meet  the 
real  quality  of  fiber  geometry  which  is  better 
than  assumed  in  that  example. 

From  these  investigations,  especially  the 
experimental  ones,  it  is  obvious  that  the 
intended  V-groove  coupling  is  an  alignment 
principle  which  is  well  suited  for  connectors. 
Its  feasibility  however  depends  very  strong  on 
the  quality  of  the  fiber  geometry. 


The  following  example  shows  the  influence  of 
the  various  contributions  of  fiber  geometry 
imperfections  to  the  loss: 

With 

o _  =  0,3  pm  (  =  0,5  pm  Of  =  0,25  pm 

rj  =  0,4  pm  o  =  0,2  pm 

the  partial  sums  a  ,  a  ,  and  a  of 

i  t  71 

equation  (2)  resulting  from  radius  deviations, 
core  excentricities,  and  non-circularities  are: 

a  =  0.08  dB  a  =  0.13  dB  a  =  0.09  d* 

6  e  7) 

So  the  overall  sum  a  will  be  0.3  dB  in  this 
exampl e . 


3.  Connector  Design 

Figure  3  shows  a  photo  of  the  connector.  It 
basically  comprises  four  parts,  all  of  which 
are  made  by  precision  injection  molded 
plastics:  The  adaptor,  the  two  plugs  and  the 
coupling  device,  which  is  the  small  part 
between  the  two  plugs.  It  contains  the  V- 
groove  which  couples  the  two  fibers.  Normally 
it  is  connected  to  one  of  the  two  plugs.  The 
fact  that  the  coupling  device  can  be  separated 
from  the  plugs  offers  the  advantage  to  choose 
its  material  independently.  Furthermore 
cleaning  or  inspection  of  the  V-groove  or  the 
fiber  endface  is  readily  done,  if  necessary. 

The  fibers  are  fixed  in  a  part  of  the  plug  that 
is  called  stamp.  The  floating  fixture  and  the 
contour  of  the  stamp  provide  the  pre-alignment 
of  the  fiber  in  the  first  phase  of  the 
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connecting  procedure,  in  the  second  one  the 
fiber  is  precisely  aligned  by  the  V-groove.  A 
spring  exerts  a  gentle  pressure  perpendicular 
and  horizontal  to  the  fiber  axis.  Thus  the 
fibers  are  in  close  contact  to  the  V-groove  and 
at  the  end  of  the  connecting  cycle  the  fiber 
endfaces  are  in  physical  contact. 


Fig.  4:  Loss  histogram 


atdBl 


Fig.  3:  Plastic  single  mode  fiber  connector 

The  connection  of  a  plug  is  simply  done  by 
pushing  it  into  the  adaptor,  where  it  is 
locked  by  a  slot-and-key-mechanism. 
Disconnection  is  only  possible  when  both  of 
the  resilient  arms  of  the  plugs  are  pushed 
together  at  the  same  time,  thus  releasing  the 
plug  to  be  pulled  out. 

The  size  of  the  rectangular  adaptor  is  17  x  12 
mm1,  its  length  is  66  mm.  These  are  dimensions 
that  are  thought  of  to  be  not  too  small  for 
easy  handling  and  not  too  large  for  achieving 
high  packaging  densities  in  cross  connection 
cabinets . 


4.  Connector  Performance 


4.1  Insertion  loss 


The  connectors  were  assembled  with  Philips 
PCVD  single  mode  fibers  from  the  same  drum. 
Figure  4  shows  the  histooramm  of  the  insertion 
loss  for  240  different  combinat ions .  The  mean 
value  of  0.05  dB  impressingly  justifies  the 
completely  new  connector  design.  As  there  is 
still  a  small  contribution  of  the  fibers  to  the 
loss  one  can  state  that  the  connector  inherent 
(extrinsic)  mean  loss  will  be  below  0.05  dB. 

Subsequent  mating  cycles  of  a  connection  gives 
no  significant  change  in  the  insertion  loss. 

The  measured  values,  as  shown  in  figure  5,  all 
lie  within  the  short-term  stability  of  the 
optical  attenuation  measuring  system. 


Fig.  5:  Loss  repeatability 

Thus,  as  for  the  connector  loss 
characteristics,  an  ultimate  quality  level  is 
reached  that  can  only  be  affected  by  the 
quality  of  the  fiber  geometry. 

4.2  Temperature 

Figure  6  shows  the  temperature  dependance  of 
the  insertion  loss  for  five  different 
connections . 
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Fig.  6:  Temperature  dependance  of  loss  a 


The  behaviour  of  the  connectors  is  not 
identical,  but  it  is  absolutely  satisfactory, 
because  the  loss  variation  is  less  than  0.1  dB 
over  the  entire  temperature  range  of  -30°C  to 
+70°C. 


This  paper  describes  the  development  of  a 
completely  new  single  mode  connector  for 
application  in  subscriber  networks.  The 
essentials  are: 

-  The  connector  is  a  very  high  performance 
component  and  a  low  cost  device  at  the  same 
time. 

-  The  high  performance  is  achieved  by 
cladding  to  cladding  coupling  in  a  V-groove. 

-  Low  cost  is  possible  by  exclusive  use  of 
plastic  parts. 

-  The  rectangular  adaptor  offers  the  advantage 
of  easy  handling  and  allows  packaging 
densities  which  fulfill  the  demands  of  cross 
-connection  cabinets  and  of  main 
distribution  frames  [1], 

-  The  design  permits  excellent  loss 
characteristics  over  the  temperature  range  of 
- 30 * C  and  +70”C  and  for  very  high  mating 
cycles. 


4.3  Hating  Ourabil itv 

This  test  was  conducted  to  investigate  the 
connectors  loss  behaviour  under  progressive 
wear  of  the  mechanical  slides.  In  general  this 
is  a  critica1  test  for  fiber  optic  connectors 
that  make  use  of  plastic  fiber  aligning  parts. 
Figure  7  shows  the  loss  behaviour  for  three 
situations  found  to  be  typical.  The  complete 
test  was  made  without  any  cleaning  of  any 
connector  part.  The  results  again  confirm  the 
design:  As  no  high  absolute  dimensional 
accuracy  is  necessary,  the  wear  of  the  parts 
does  not  influence  the  fiber  alignment. 


Fig.  7:  Mating  cycle  test 

The  connector  with  the  initial  high  loss  is  a 
quite  interesting  case,  because  it  shows  self 
cleaning.  Its  higher  values  in  the  beginning 
of  the  test  result  from  dust  particles  on  the 
fiber  endface  (which  of  course  have  to  be 
smoother  than  glass).  After  some  cycles  they 
are  crushed  and  moved  out  of  the  core  region. 
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ABSTRACT 

In  an  optical  subscribers  network,  small  and 
high  performance  fanout  connectors  are  needed  to 
fanout  ribbon  fibers  to  individual  single  fibers. 
Fanout  connectors  for  use  in  graded  index  fiber 
subscriber  lines  have  been  developed.  They  are 
composed  of  a  branching  unit,  a  multi-fiber  push- 
pull  connector  and  five  single-fiber  push-pull 
connectors.  The  dimension  of  the  branching  unit 
have  been  reduced  to  90 ( L )  x  33 ( W )  x  9(H)  mm5. 

In  particular,  its  thickness  is  reduced  to  only 
9mm  by  using  the  newly  developed  push-pull  multi¬ 
fiber  connector.  Considering  the  long-term  reli¬ 
ability  and  the  low  bending  loss  of  the  bent 
fiber  in  the  branching  unit,  the  minimum  branching 
length  was  designed.  The  average  loss  of  mass 
produced  fanout  connectors  was  found  to  be  0.44dB. 


1.  Introduction 

Optical  subscriber  network  needs  high-density 
high-count  optical  fiber  cables  which  accommodate 
a  number  of  ribbon  fibers.  It  is  very  important 
to  fanout  ribbon  fibers  to  individual  single 
fibers  in  telephone  offices  or  subscriber 
buildings.  Usually  in  order  to  fanout  a  ribbon 
fiber,  individual  single  fibers  are  divided  from 
it  and  then  spliced  individually  with  particular 
single  fibers  or  jumper  cords.  The  spliced  parts 
and  the  excess  length  of  these  are  put  in  a 
closure  or  a  cabinet.  The  problem  with  this 
method  is  that  it  requires  the  large  space  for 
accomnmodation  of  the  ribbon  fiber  fanouting 
portion.  Therefore,  demands  for  small  and  high 
performance  fanout  connectors  have  increased. 

This  paper  describes  the  design  and  performance 
of  the  newly  developed  fanout  connector  with 
the  multi-fiber  push-pull  type  connector. 


2.  Design 

2. 1  Structure  of  the  fanout  connector 

The  fanout  connector  is  composed  of  a  branching 
unit,  one  multi-fiber  connector  and  five  single¬ 
fiber  connectors,  as  detailed  in  Fig.l.  The 
single-fiber  and  the  multi-fiber  connectors  are 
mounted  on  PVC-jacketed,  and  Kevlar-reinforced 
optical  fiber  jumper  cords.  In  order  to  realize 
the  fanout  connector  which  has  the  advantages 
of  high  fiber  density  and  easy  handling,  small 
size  single-fiber  and  multi-fiber  push-pull 
connectors  are  necessary.  The  multi-fiber  push- 
pull  connector  plug  and  adaptor  and  the  branching 
unit  case  are  plastic  molded  to  reduce  cost 
and  weight. 


2 .2  Multi-fiber  push-pull  connector 

The  multi-fiber  push-pull  connector  has  a  transfer 
molded  square  ferrule  [1]  on  which  the  five 
graded-index  fibers  with  50pm  core  and  125um 
cladding  diameter  are  positioned  precisely  at 
0.25mm  intervals  between  the  two  alignment  holes 
for  guide  pins,  as  shown  in  Figs.l  and  2.  Mating 
plugs  are  joined  and  aligned  with  these  two  guide 
pins  of  stainless  steel,  whose  diameter  is  0.7mm 
and  tolerance  is  within  lum.  The  deviations  of 
the  diameter  and  the  center  position  of  each  fiber 
holes  are  designed  and  manufactured  to  be  within 
lum  and  3vm  respectively  (Fig. 3). 

The  push-pull  connecting  mechanism  has  two 
features;  one  is  easy  handling.  For  connection 
only  push  the  boot  of  the  plug  and  only  pull  the 
ejector  for  disconnection  [2][3].  The  other  is 
the  mechanical  characteristic;  low  insertion 
force  and  high  mechanical  coupling  strength  are 
accomplished.  The  mechanical  coupling  strength 
means  the  minimum  tensile  strength  loaded  on 
the  fiber  cord  which  can  pull  out  the  plug  from 
the  adaptor  by  force.  The  connecting  mechanism 
is  detailed  in  Fig. 4.  In  order  to  reduce  con¬ 
nector  thickness  to  9mm,  two  small  springs 
(Spring  II)  for  forcing  the  ejector  are  arranged 
on  the  both  sides  of  the  ferrule. 
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Fig.l  Perspective  View  of  Fanout  Connector 


Guide  Pin  Hole 


Fig. 2  Structure  of  Plastic  Square  Ferrule 


Deviation  (urn) 


Fig. 3  Fiber  Holes  Center  Position  Deviation 
of  Plastic  Square  Ferrules 
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Proiection 


Holding  the  plug  boot  and  inserting 
the  plug  into  the  adaptor,  projection 
of  the  plug  pushes  up  the  calw  of  the 
adaptor . 


Projection  pushes  up  the  claw  completely. 
The  ejector  knocks  against  the  claw  and 
moves  back.  Two  small  springs  (Spring 
11)  for  forcing  the  ejector  is  being 
constricted . 


The  claw  is  falling  in  the  groove  and 
the  square  ferrules  are  pushed  each 
other . 


Connection  is  complete.  The  ferrules 
are  pushed  each  other  by  the  coil 
spring  (Spring  ()  with  0. 8kgf,  to 
ensure  stable  optical  coupling. 


Fig. 4  Mechanism  of  Connection 


The  relationship  between  the  insertion  length 
and  insertion  force  was  calculated  and  the  results 
are  shown  in  Fig. 5- ( 1 ) .  The  zero  point  of  the 
insertion  length  is  defined  as  the  point  where 
the  projection  first  touches  the  claw.  The 
calculated  insertion  force  (F)  is  given  by  the 
following  expression. 

F ( x )  =  f  ,(x)  +  f 3 (x)  +  f 3 ( x ) 

fjx);  the  sum  of  the  claw  flexure  force  and  the 
frictional  force  between  the  claw  and  the 
projector 

f,(x);  the  press  force  of  the  two  small  springs 
(Spring  II) 

f  3 ( x ) ;  the  press  force  of  the  main  spring 
(Spring  I) 

x  ;  insertion  length 


In  order  to  realize  easy  handling  and  connection 
endurance,  this  multi-fiber  push-pull  connector 
was  designed  so  that  f,max  and  Fmax  are  less 
than  lkgf.  and  2kgf  respectively.  Fig. 5- ( 2 ) 
shows  the  measured  results.  These  results  indicate 
that  the  measured  results  are  generally  in  accor¬ 
dance  with  the  calculated  results,  and  fjinax  and 
Fmax  are  0.6kgf  and  1.7kgf  respectively  and  meet 
the  requi rements .  The  withdrawal  force  was  also 
calculated  and  measured  in  the  same  way.  These 
results  are  given  in  Table  1. 

Considering  the  accident  which  may  be  caused 
by  catching  jumper  codes,  the  minimum  coupling 
strength  was  required  to  be  greater  than  10kg f .  By 
selecting  the  appropriate  material  and  designing 
the  optimum  structure  as  the  ejector,  the  mechan¬ 
ical  coupling  strength  of  greater  than  14kgf  was 
accomplished. 
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Insertion  Force 


Table  1  The  designed  and  measured  results  of 
the  insertion  and  withdrawal  forces 


Fig. 5- ( 1 )  Calculated  Relationship  between 

the  Insertion  Length  and  Insertion  Force 


Fig.5-(2)  Measured  Relationship  between 

the  Insertion  Length  and  Insertion  Force 


Insertion  force 

Withdrawal  force 

Design 

Measurement 

Design 

Measurement 

^max 

S  2.0 

1.7 

S  2.0 

1.1 

f  tmax 

S  1.0 

0.6 

S  1.0 

0.8 

[kgf] 


2.3  Single-fiber  push-pull  connector 

The  single-fiber  push-pull  connector[4]  with  a 
MP-ferrule  [5]  has  a  push-pull  connecting 
mechanism  like  that  of  the  multi-fiber  push- 
pull  connector,  and  can  be  mounted  at  intervals 
of  6mm,  as  shown  in  Fig.l. 


2 . 4  Branching  unit 

As  illustrated  in  Fig.l,  the  branching  unit 
consists  of  a  multi-fiber  adaptor  and  five  single¬ 
fiber  adaptors  are  mounted  at  intervals  of  6mm. 

The  dimension  of  the  branching  unit  is  90 ( L )  x 
33(W)  x  9(H)  mm3. 

The  branching  fibers  which  joint  single-fiber 
adaptors  and  multi-fibe<-  adaptors  are  bent  except 
for  the  central  jointing  fiber.  Therefore,  an 
investigation  of  the  time  to  failure  caused  by 
bending  strain  is  very  important  to  guarantee 
high  reliability.  The  result  of  the  calculation 
about  the  relationship  between  the  time  to  failure 
and  the  bending  radius  is  shown  in  Fig. 6.  When 
0.7%  proof  tested  fiber  is  used  as  branching 
fiber,  the  bending  radius  must  be  more  than  25mm 
under  the  condition  that  the  life  time  is  almost 
equal  to  that  of  optical  fiber  cable  used  in 
subscriber  network.  Taking  into  account  the 
minimum  radius  of  25mm  and  the  6mm  intervals 
of  single-fiber  adaptors  and  the  production  preci¬ 
sion,  a  minimum  branching  length  of  40mm  was 
designed.  Bending  loss  of  jointing  fiber  was 
negligible.  Furthermore,  using  2%  proof-tested 
fiber  as  a  branching  fiber,  the  branching  length 
can  be  shortened  to  20mm. 


i 
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Fig. 6  Relationship  between  Radius 

and  Time  to  Failure  - 

Relationship  between  Radius 
and  8ending  Loss  -  -  - 

fiber  length:  t=50nim 
failure  probability:  lxlCT6 


Sig.7  Cross  Section  of  Cleaning  Plug 


2 . 5  Cleaning  plug 

The  push-pull  type  connector  is  easily  connected 
and  disconnected.  In  the  frequent  mating  of 
the  push-pull  connectors,  the  surface  of  the 
ferrule  may  be  sometimes  stained  with  dust.  The 
cleaning  plug,  as  shown  in  Fig. 7  has  been  developed 
for  the  cleaning  of  the  single-fiber  push-pull 
adaptor,  and  has  the  following  features. 

(1)  The  cleaning  plug  can  be  easily  connected 
with  the  single-fiber  push-pull  adaptor, 
because  it  has  the  same  mechanism  as  that  of 
the  single-fiber  push-pull  connector. 

(2)  The  cleaning  effect  of  this  plug  is  excellent 
because  the  swab  is  given  sufficient  pressure 
and  rotated  by  the  nob  rotation. 


(3)  The  swab  can  be  easily  exchanged  by  pushing 
the  nob. 
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3.  Fabrication  of  the  branching  unit 


4.  Performance  of  the  fanout  connecto- 


Fig. 8  shows  the  fabrication  process  of  the 
branching  unit  and  the  details  of  the  main  process 
are  as  follows. 

(1)  Single-fiber  insertion 

Bare  single-fiber  is  inserted  into  the  MP- 
ferrule  filled  with  epoxy  adhesive  and  cured. 

(2)  Polishing 

The  MP-ferrule's  endface  is  polished. 

(3)  Single-fibers  arrangement 

The  single-fibers  with  the  ferrules  are  cut 
to  each  designed  bracking  length.  The  tips 
of  five  single-fibers  are  arranged  side  by 
side  like  a  five-fiber  ribbon  with  a  clamp. 

(6)  Unit  assembly 

Branching  fibers  with  five  MP-ferrules  and 
a  square  ferrule,  five  single-fiber  adaptors, 
a  multi-fiber  adaptor,  and  a  branching  unit 
case  are  assembled. 


Fig. 8  Fabrication  process  of  the  branching  unit 


The  fanout  connector  was  mass  produced,  using 
the  single-fiber  and  multi-fiber  push-pull  con¬ 
nectors  for  50/125pm  graded-index  fibers.  2970 
insertion  losses  of  the  596  fanout  connectors 
were  measured  at  1.3um  LED.  Histogram  of  the 
insertion  loss  and  the  relationship  between 
the  fiber  No.  and  the  insertion  loss  are  shown 
in  Fig. 9  and  Table  2  respectively.  The  average 
loss  was  0.44  dB.  No  correlation  between  the 
insertion  losses  and  fiber  No.  is  found.  The 
insertion  losses  of  the  fanout  connectors  are 
summed  by  those  of  the  single-fiber  push-pull 
connectors,  those  of  the  multi-fiber  push-pull 
connectors  and  the  bending  losses  of  the  branching 
fibers.  The  average  losses  of  single-fiber  and 
the  multi-fiber  push-pull  connectors  were  found 
to  be  O.lSdB  and  0.26dB  respectively.  Therefore, 
the  average  bending  loss  is  presumed  to  be  about 
0.03dB. 


o  OZ  0.4  06  as  1.0  IZ 

Insertion  Loss  (dB) 

Fig. 9  Historgram  of  Insertion  Loss 
of  Fanout  Connectors 

Table  2  Re  1  ati o.nshi p  between  the  fiber  No. 
and  the  insertion  loss  of  fanout 
connectors 


Fiber  No. 

Average  loss 

1 

0.43 

2 

0.41 

3 

0.44 

4 

0.47 

5 

0.44 

[dB] 
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The  return  losses  of  the  fanout  connectors  were 
measured  at  1.3pm  and  were  greater  than  35d8. 

Fig. 10  shows  the  results  of  the  multi-fiber  con¬ 
nector  repeatability  test.  The  variation  in 
insertion  loss  during  1000  push-pull  actions  was 
within  0.03dB. 

Various  kinds  of  mechanical  and  environmental 
tests  were  carried  out  and  the  variations  in 
insertion  loss  were  measured.  For  the  tensile 
strength  test,  the  tensile  strength  was  loaded 
on  the  multi-fiber  cord,  and  the  optical  coupling 
strength  of  the  multi-fiber  push-pull  connector 
was  measured.  It  is  defined  as  the  maximum 
tensile  strength  at  which  the  increment  of  the 
insertion  loss  reaches  to  0.2dB.  The  optical 
coupling  strengths  (P,,  P2,  P3)  were  measured  by 
applying  force  an  axial  or  radial  direction  of  a 
connector  as  shown  in  Fig. 11  and  8.5kg  of  P3, 

4.2kg  of  P2  and  4.1kg  of  P3  were  obtained 
(Table  3). 

The  vibration  test  was  carried  out  at  the 
frequency  of  10Hz  and  the  amplitude  of  10mm  for 
2  hours,  and  the  fluctuation  in  insertion  loss  was 
within  0.05dB. 


Fig. 10  Repeatability  of  Multi  Fiber 
Push-Pull  Connector 


Table  3  Optical  coupling  strength 


Di rection 

Optical 
coupl i ng 
strength 

Pi 

8.5 

P3 

4.2 

P, 

4.1 

[kgf] 


Fig. 11  Tensile  Strength  Test 
on  the  Direction  of  Pj 


Fig. 12  shows  the  results  of  heat  cycling  test, 
from  which  insertion  loss  change  was  within  0.07dB 
over  temperature  range  of  -30°C  to  +60°C.  The 
results  concerning  other  testing  items  are  shown 
in  Table  4.  Results  of  these  tests  demonstate 
that  the  newly  developed  fanout  connector  exhibits 
the  stable  connection  performance. 


| 
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Fig. 12  Temperature  Cycling  Test  of 
Fanout  Connector 

Table  4  Performance  of  the  fanout  connector 


In  particular  its  thickness  is  reduced  to  only 
9mm  by  using  the  newly  developed  push-pull  multi¬ 
fiber  connector.  Low  insertion  force  has  been 
achieved  with  the  claw  of  the  adaptor,  and  high 
mechanical  coupling  strength  has  been  accomplished 
with  the  optimum  design  of  the  ejector  of  the 
plug.  Considering  the  long-term  reliability 
and  low  bending  loss  of  bent  fiber  in  the  branching 
unit,  a  minimum  branching  length  of  40mm  was 
determi ned . 

The  average  insertion  loss  of  a  number  of  mass 
produced  fanout  connectors  was  G.44dB.  Various 
kinds  of  mechanical  and  envi ronmental  tests  were 
conducted  to  confirm  the  stability  and  reliability 
of  the  fanout  connector. 

The  fanout  connector  was  put  to  practical  use 
in  the  optical  subscriber  network  and  are  quite 
effective  for  raising  the  fiber  accommodation 
density  of  the  MDF  (Main  Distribution  Frame)  in 
telephone  offices. 


Testing  item 

Condition 

Resul t 

Average  loss 

1 . 3vim  LED 

0.44d8 

Return  losss 

1.3pm  LD 

More  than 
35dB 

Repeatabil ity 

1000  times 

Within 

0.03d8 

Heat 
cycl ing 

From  -30°C  to  60°C 
100H 

Within 

0.07dB 

High 

temperature 

80°C ,  100H 

ditto 

Low 

temperature 

-30°C,  100H 

ditto 

Humidity 

60°C,  95%RH,  100H 

ditto 

Vibration 

10Hz  amplitude 

10mm,  3  direction 

Within 

0.05dB 

Reference 
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Mode  Multifiber  Connector",  IEEE,  J.  Light¬ 
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Technol.,  Vol.Lt-4,  8,  pp. 1243^1247 ,  1986. 

[3]  S.  Nagasawa,  I.  Sankawa,  T.  Satake,  N.  Kashima, 
"Small-size  push-on  type  optical  fiber  con¬ 
nector",  Trans.  I E ICE  Japan,  Vol.E70,  5, 
pp.45K454,  1987. 

[4]  K.  Kashihara,  M.  Fukuma,  T.  Kakii,  S.  Suzuki, 
"Design  and  Performance  of  the  New  Single-Mode 
Fiber  Connector  with  MP-Ferrule  in  Subscriber 
Network",  IWCS  87,  pp. 379^385,  1987. 

[5]  T.  Kakii,  K.  Kashihara,  Y.  Asano,  S.  Suzuki, 
"Composite  metal-plastic  ferrule  for  single¬ 
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TUF5,  1987. 


5.  Conclusion 

Fanout  connectors  for  the  use  in  the  optical  sub¬ 
scriber  networks  have  been  developed.  They  are 
composed  of  a  branching  unit,  a  multi-fiber  push- 
pull  connector  and  five  single-fiber  push-pull 
connectors.  The  branching  unit  size  has  been 
reduced  to  90(L)  x  33 ( W )  x  9(H)  mm3. 
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Performance  Characteristics  of  Plain  Copper  Versus  Tinned 
Copper  for  Solderles3  Wrapped  Connections 


David  Dunleavy 


Bell  Canada 


ABSTRACT 

This  paper  compares  the  performance  characteris¬ 
tics  of  plain  copper  versus  tinned  copper  for 
solderless  wrapped  connections.  To  satisfy  real 
life  conditions  and  a  40  year  reliability  objec 
tive,  tests  were  conducted  which  subjected  the 
connections  to  temperature  cycling,  heat  aging, 
humidity  and  thermal  shock.  It  was  considered 
that  these  tests  would  accelerate  the  ageing 
processes  that  tend  to  cause  electrical  and 
mechanical  instability.  The  test  results  indi 
cate  that  plain  copper  meets  the  stability 
objectives  for  a  40  year  service  life  in  a  cen 
t  ra 1  office  en v i ronmen  t . 


introduction 

Tinned  copper  has  long  been  used  for  indoor 
applications  with  telecommunication  equipment  in 
central  offices,  1'BX,  and  PABX  exchanges.  Its 
early  use  was  most  likely  due  to  the  general 
belief  that  it  improved  the  so Iderab l l i t y  per¬ 
formance,  since  plain  copper  if  left  exposed  to 
the  environment  would  readily  tarnish  and  exhi 
hit  signs  of  oxide  tilm. 

With  the  introduction  of  solderless  wrapping, 
tinned  wire  was  kept  presumably  for  its  improved 
mechanical  and  electrical  performance  a  result 
of  the  solid  state  diffusion  between  wire  and 
terminal.  It  has  been  stated  in  a  paper  pub 
lished  in  a  Bell  System  Technical  Reference  ;J’ut> 
48010)1  that  the  use  of  plain  copper  would 
reduce  Ihe  life  requirement  by  approximately  one 
half,  as  well  as  produce  noisy  and  unreliable 
connections  under  certain  environmental  condi 
t ions . 

Recent  research  work  performed  by  Telecom  Aus 
tralia'  indicates  plain  copper  performs  equaLly 
well  if  not  better  than  tinned  copper  conduc 
tors.  In  view  of  this  and  the  potential  cost 
savings  of  using  plain  copper.  Bell  Canada  has 
conducted  a  series  of  tests  to  more  closely 
examine  the  effects  of  dit fusion  and  corrosion 
mechanisms  on  the  long  term  reliability  of  a 
solder  less  wrapped  connect  ion. 


Temperature  cycling,  heat  ageing,  high  tempera¬ 
ture  humidity  exposure,  and  thermal  shock  tests 
were  conducted  in  order  to  compare  the  in- 
service  and  lifetime  performance  characteristics 
of  both  plain  and  tinned  copper  conductors  for 
solderless  wrapped  connections. 

SAMPLE  PREPARATION  AND  TEST  PROCEDURE 

To  evaluate  the  performance  characteristics  of 
plain  copper  versus  tinned  copper,  3d  -  100  pair 
ME  66QC100  wire  wrap  connecting  blocks  were 
individually  wire  wrapped  with  equal  amounts  of 
24  AWG  (0.51  no  diameter;  plain  and  tinned  cop¬ 
per  wire.  Of  the  tinned  wire  samples,  two  coat¬ 
ing  specifications  were  used  as  shown  in  table 
3.  All  joints  were  wrapped  using  a  manually 
operated  O.K.  Wrap  tool  (model  G100). 

As  shown  in  figure  1,  the  test  wires  ends  were 
wrapped  to  tin  plated  terminal  posts  (.06"  X 
.04")  forming  a  connection  loop. 


CONNECTION  LOOP 


CONTJ£CTOR“ 
PLUG  „„  , 


SOLDERLESS  WRAPPED 
CONNECTIONS 


fl&Oitffg 


POLARITY 

REVERSING 

SWITCH 


no.  I  ‘ ’  ~ 

so 

POSITION 
~  SWITCHER 


DIGITAL 

VOLTMETER 


50 

POSITION 

SWITCHER 


CONSTANT 

CURRENT 

SOURCE 


I  DATA 

ACQUISITION 


figure  I  System  Test  Set  up 


International  Wire  &  Cable  Symposium  Proceedings  1988  679 


I 


Using  a  6624A  HP  Systea  DC  Power  Supply  and  a 
3852A  Data  Acquisition  control  unit,  4  point 
resistance  measurements  for  each  of  the 
connection  loops  were  recorded.  To  eliminate 
I  t hemal  potentials  all  calculated  resistances 

were  based  on  forward  and  reverse  voltage 
measurements  by  reversing  the  direction  of  the 
current.  A  second  set  of  measurenents  was  taken 
i  mediately  after  the  first  to  assure 
repeatability  of  the  test  method  and  measuring 
apparatus. 

|  Two  connection  loops  (one  copper  and  one  tin) 

'  from  each  of  the  test  blocks  were  fully  sol¬ 

dered.  In  this  way,  any  significant  variation  in 
connection  loop  resistance  would  provide  a  fur¬ 
ther  measure  of  the  system  repeatability  as  well 
as  the  degree  to  which  oxidation,  corrosion,  or 
tin  wire  intermetallic  growth  affects  the  bulk 
|  wire  resistance.3 

In  order  to  ensure  the  measurement  of  thin  film 
barrier  resistances,  the  current  source  was  ini¬ 
tially  set  to  zero  before  being  increased  to  the 
100  mA  maximum  as  specified  by  ASTM  for  dry  cir¬ 
cuit  testing4. 

figure  2  shows  a  fully  wired  test  block  under 
<  measuremen t . 


Figure  2  Test  Block  Resi stance  Measurement 
TEST  ENVIRONMENTS 

|  The  following  tests  were  performed  in  order  to 

compare  the  long  term  reliability  behavior  of 
both  plain  and  t inned  copper  for  solderless 
wrapped  connections: 

Temperature  Cycling 

Test  blocks  were  placed  in  an  environmental 
|  chamber  and  subjected  to  100  cycles  with  each 

cycle  consisting  of  a  temperature  change  from 
-40° C  to  i60°C.  The  dwell  time  at  each  tempera- 
ture  extreme  was  2  hours  and  25  minutes.  The 
temperature  changes  occurred  at  a  rate  of  150“  O' 
per  hour.  The  chamber  humidity  was  not  con 
trolled.  Resistance  measurements  were  performed 
initially  and  after  25,  50  and  100  cycles.  All 
|  test  blocks  were  stabilized  for  3  hours  at  25°C 


Heat  Ageing 

Test  blocks  were  exposed  to  a  confront  tempera- 
ture  of  118°C.  Resistance  measui oments  were 
recorded  initially  and  after  10,  20,  30  and  40 
days.  All  test  blocks  were  stabilized  for  2 
hours  at  25° C  prior  to  measurement.  It  was 
expected  that  this  test  would  simulate  the 
amount  of  stress  relaxation  and  metal  diffusion 
at  the  contact  points  of  the  wrapped  connection 
over  its  intended  life.s 

Hith  Humidity 

Test  blocks  were  subjected  to  a  constant  rela¬ 
tive  humidity  of  95%  or  greater  for  a  total  of 
25  days.  All  test  blocks  were  stabilized  for  3 
hours  at  a  temperature  of  25°C  before  being 
measured  at  5,  10,  15,  20  and  30  day  intervals. 

Therma  1  Shock 

A  final  group  of  test  blocks  was  subjected  to  10 
cycles  of  a  temperature  alternating  between 
-15“C  and  11B°C  with  a  dwell  time  of  20  minutes 
at  each  temperature  extreme.  The  samples  were 
stabilized  for  45  minutes  at  25°C  before  being 
measured  for  changes  in  joint  resistance. 

RESULTS 

The  test  results  comparing  plain  copper  to 
tinned  copper  wire  are  shown  in  tables  1,  2,  and 
3,  as  well  as  in  figures  3  through  9.  All  resis¬ 
tance  variations  shown  are  the  differences 
between  those  of  their  initial  values  and  after 
the  given  testing  period. 

The  general  observations  were  as  follows: 

a)  all  resistance  variations  were  well  below 
one  mill rohrn 

b)  tinned  copper  performed  better  in  the  tem¬ 
perature  cycling  and  thermal  shock  tests 

c)  plain  copper  performed  better  in  the  heat 
ageing  and  high  humidity  tests 

Repeatability  of  the  resistance  measurements  was 
on  average  below  0.01  milliohms  while  resistance 
variations  of  the  fully  soldered  connection 
loops  were  on  average  below  0.02  milliohms. 

DISCUSSION  OF  RESULTS 

The  low  resistance  variations  observed  in  the 
test  results  of  the  soldered  connections  clearly 
indicate : 

a)  the  measurements  are  sufficiently  accurate 
for  use  in  a  comparison  study. 

b)  the  effects  of  oxidation,  corrosion,  and 
tin  intermetallic  growth  on  bulk  wire 
resistance  are  negligible. 
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Table  1  Results  of  Temperature  Cycling  and 
Thermal  Shock  Tests 


TEST 

TEMPERATURE  CYCLING 

THERMAL 

SHOCK 

TIN 

COPPER 

TIN 

COPPER 

SAMPLE  SIZE 

NO  OF  CONNECTION  LOOPS 

700 

700 

ISO 

150 

10  CYCLES 

AVG  142 
STD  154 

AVG  204 
STD  .164 

RESISTANCE  25  C¥CL£S 
VARIATION  L 

AVG  .071 

STD  .060 

AVG  189 

1  STD  .128 

(mtlltohm*)  |  so  cycles 

AYG  .134 

STD  .135 

AVG  292 

STD  188 

100  CYCLES 

AVG  152 

S'D  130 

AVG  .353 
STD  238 

Table  2  Results  of  Heat  Ageing  and  Humidity 
Tests 


TEMP,  CYCLING  &  THERMAL  SHOCK  TEST 

ii^fiRVS  MO.  OF  CYCLES 


Figure  3 


HEAT  AGEING  TEST 

VS  TIME 


DAVS 

-e-  TIM  o-  COPPER 

Figure  4 


HUMIDITY  TEST 
A/<}aR  VS  TIME 


Notes:  -q-  tin  --Q-  copper 

1  measured  using  a  Kocour  thickness  tester 

2  measured  using  Atomic  Absorption  Spectrophotometry 

3  International  Annealed  Copper  Standard  Figure  5 
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Since  the  data  shows  all  resistances  well  below 
one  ■illiohn,  it  can  be  safely  assumed  that  all 
connections  are  stable  and  the  40-year  reliabil¬ 
ity  objective  is  satisfied.  Although  there  were 
slight  performance  differences  between  plain  and 
tinned  copper  in  each  of  the  tests  (an  estimated 
0.2  ailliohms  per  two  connections),  they  were 
not  considered  significant  in  terms  of  affecting 
the  lifetime  reliability  objective.  It  should  be 
stated  that  these  differences  are  very  low  con¬ 
sidering  the  threshold  of  transmission  impair¬ 
ment  is  quoted  at  100  milliohms.6 

However  well  plain  copper  was  found  to  perform, 
there  still  remains  unanswered  questions  regard¬ 
ing  the  relative  performance.  It  was  considered 
that  these  differences  could  be  explained  by  the 
various  mechanisms  such  as  stress  relaxation  or 
diffusion.  With  this  in  mind,  pull  out  tests 
were  performed  on  freshly  stripped  and  wrapped 
wire  samples  as  well  as  on  specimens  obtained 
from  the  temperature  cycling  and  heat  ageing 
test.  Results  of  this  evaluation  are  shown  in 
table  4. 

Examination  of  table  4  shows  that  the  wire-wrap 
pull-out  forces  for  the  tin  wire  groups  increase 
slightly  after  the  temperature  cycling  and 
ageing  processes.  This  phenomenon  is  consistent 
with  the  theory  of  solid  state  diffusion. 

It  was  also  noted  that  wires  with  the  thicker 
tin  plating  had  a  higher  pull  out  force.  This 
may  be  explained  by  the  fact  that  thicker  duc¬ 
tile  coatings  maximize  the  post-to  wire  contact 
and  ensure  the  greatest  possible  area  for  cold 
welding.*1 


Further  review  of  the  test  results  indicates 
that  the  pull-out  forces  required  for  the  copper 
wire  are  substantially  higher  than  those  for  the 
tin  after  the  heat  ageing  process.  This  phenome¬ 
non  may  be  explained  as  follows: 

a)  a  higher  contact  surface  is  established  bet¬ 
ween  the  copper  wire  and  the  post,  since  the 
copper  wire  can  more  easily  deform  in  wrap¬ 
ping  as  seen  by  its  elongation  characteris¬ 
tics 

b)  the  likelihood  that  the  test  temperature  and 
duration  was  high  enough  to  promote  the 
slower  reacting  plain  copper/tin  post  diffu¬ 
sion  mechanism  -  which  is  hypothesized  to 
produce  a  much  higher  limiting  shear  force 
than  that  for  tin  plated  copper9 

As  for  the  lower  pull-out  forces  observed  for 
the  copper  samples  in  the  temperature  cycling 
test,  this  is  probably  due  to  two  factors, 
namely: 

a)  the  nature  of  the  test;  since  heating  with 
periodic  cycling  and  measurement  is  claimed 
to  be  more  severe  than  undisturbed  heat 
ageing. 10 

b)  the  lower  temperature  levels  and  diffusion 
time  which  do  not  promote  the  same  higher 
limiting  shear  forces  as  in  the  heat  ageing 
test 

CONCLUSION 

Based  on  the  test  results  it  can  be  concluded 
that  plain  copper  meets  the  stability  objectives 
for  a  40-year  service  life  in  a  central  office 
environment. 


Table  4  Rui I  out  force  Test  Results 


ELONGATION 

% 

TIN  THICKNESS 
um  (microinches) 

1  2 
FREE  TOTAL 

RESISTANCE 
VARIATION  rr, 

TEMP  HEAT 

CYCLING  :  AGEING 

PULLOUT 

FORCE  kg  34 

TEMP  ,  HEAT  FRESHLY 

CYCLING  '  AGEING  STRIPPED 

COPPER  WIRE 

28  1 

.353  204 

9.5  17.2  13.6 

TINNED  WIRE 
lot#  1 

25.9 

0.5  1.5 

(20)  ;  (50) 

.161  .436 

14.1  !  14.5  13.2 

TINNED  WIRE 
lot#  2 

23.1 

t.1S  !  t.7 
(46)  j  (67) 

.145  '  .404 

1 

14.1  ,  15.9  13.2 

Notes 


1 .  measured  using  a  Koeour  thickness  tester 

2.  measured  using  Atomic  Absorption  Spectrophotometry 

3.  values  based  on  an  average  of  to  samples 

4.  representative  samples  were  found  capable  of  being  unwrapped 
from  the  terminal  without  breaking  7 
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Abstract 

A  new  and  quick  jointing  system  for 
OPGW  has  been  developed.  This  system 
consists  of  a  plant- fabricated  SM  multi¬ 
fiber  connector,  pulling  hardware  and  a 
joint  box.  The  connector  permits  a 
simultaneous  eight-fiber  connection,  with 
connector  loss  reduced  to  a  low  level  of 
0.16dB.  The  pulling  hardware  protects  the 
connector  during  the  installation.  It  is  a 
flexible  s t a i n 1 e s s - s t ee  1  tube.  It 
provides  resistance  against  various  forces 
as  well  as  smooth  wheel  passab i 1 i ty .  The 
organizer  in  the  joint  box  is  divided  into 
two  parts,  respectively  accommodating 
mated  connectors  and  fibers,  so  that 
stability  in  the  connecting  area  is 
maintained  and  the  accommodation  work  is 
easy.  Installed  on  steel  towers,  the 
prototype  of  this  new  product  has  been 
proven  to  exhibit  such  good  features  as 
easy  installation  characteristics  and 
excellant  optical  properties.  High  long¬ 
term  reliability  of  the  multi-fiber 
connector  was  proven  through  a  long-term 
observation  of  the  trial  products. 


1  ■  Introduct.  ion 

The  present  trend  with  op t i ca 1 - f i be r 
cable  is  that  with  the  increased 
applications  of  opt i cal - f i ber  cable,  there 
is  an  increase  in  the  number  of  optical 
fibers  constituting  the  cable  which 
results  in  tremendous  time  required  for 
jointing  work.  Under  the  circumstances, 
there  is  a  great  demand  calling  for  a 
simplification  of  the  jointing  method  with 
improved  efficiency. 

The  jointing  work  of  the  composite 
overhead  ground  wire  with  optical  fibers 
(OPGW)  is  a  very  time-consuming  task 
because  of  the  necessity  to  construct 
scaffolds,  wind-break i ng  tents  and  other 
equipment  for  both  preparation  and  removal 
on  high  steel  towers. 

In  order  to  solve  such  a  problem  as 
cited  above,  a  system  has  been  developed, 
in  which  OPGWs  are  fabricated  in-plant 
with  connectors  on  both  ends  and  delivered 
to  the  site  where  they  are  installed  to 
undergo  connector-connection  instead  of 
fusion  splicing.  This  system  permits  a 


(Nagoya,  Japan) 

simple  connector-connection  to  accommodate 
all  the  cumbersome  operations,  eliminating 
the  necessity  for  a  fusion  splicer  and 
various  other  preparations.  Therefore,  it 
is  a  great  on-site  labor-saving 
contr ibut ion . 

The  a  pulling  hardware  which  this 
system  consists  of,  protects  the  connector 
and  the  end  of  the  OPGW  during 
installation.  A  multi-fiber  connector  and 
the  joint  box  which  accommodates  the 
fibers  and  the  mated  connectors  make  up 
the  rest  of  this  system. 


2.  Structure  and  Characteristics 
2-1  Optical  multi-fiber  connector 

The  OPGW  must  be  jointed  with  low  Joss 
since  it  is  often  used  over  a 
comparatively  long  distance  and  is 
provided  with  a  number  of  jointing  points. 
Consequently,  connectors  contained  in  the 
OPGW  should  demonstrate  the  lowest 
possible  connector  loss  while  providing 
outstanding  stability.  It  is  desirable 
that  the  OPGW  permit  a  simultaneous  multi- 
fiber  connection  which  requires  less  time 
while  offering  more  convenience  than  the 
conventional  fusion  splicing  methods. 

A  remarkaly  compact  structure  of  the 
connector  has  been  designed  with  outside 
dimensions  measuring  26  mm  in  diameter  and 
130  mm  in  length  (Fig.  1),  accommodating 
eight  ferrules  in  one  single  housing. 

The  ferrules  have  been  made  of 
z i r c o n i a - c e r am i c s  and  have  physical 
contact  mating  faces.  They  have  also  been 

Ferrule 

Coupling  Nut 


Housing  Rubber  Boot 


.130. 


Fig.l  otructuro  of  Multi-Fiber  Connector 
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I 


Connecting  Loss  (dB) 


flexibility  to  permit  the  wheels  to  pass 
smoothly,  and  tension-resistance  to 
permit  the  wire-traction. 

The  pulling  hardware  should  meet  the 
requirements  which  are  represented  in 
table  1  . 


Table  1  Requirements 

Stringing  tension 
f  orce 

Outside  diameter 
Wheel  passabi  lity 

Assemb 1 y 
properties 

Water-proof  ability 


of  Pulling  Hardware 


500  kg  f 
( max . 1 000kg  f  ) 

Max.  70  mm 

*'450  Urethane- i  i  ned 
wheels  can  be  used. 

Attachable  and 
detachable  on  site. 

Water-proof 
des i gned . 


Fig.  2  Connecting  Loss 


inspected  by  means  of  a  precision 
measuring  system.  The  connector  exhibits 
stabilized  characteristics  with  low 
connector  loss.  Taken  at  random,  Fig.  2 
shows  a  favorable  connector  loss  of  0.16 
dB  on  the  average. 


2-2  Pulling  hardware 

Since  the  optical  multi-fiber 
connectors  are  fabricated  in  plant  on  OPGW 
ends  ,  it  is  possible  to  carry  out  the 
installation  with  connectors  on  ends.  It 
means  that  the  installation  requires 
rigid  protectors  which  protect  the  OPGW- 
end  connectors  from  various  exterior 
forces  during  the  operation.  Meanwhile, 
the  protectors  should  provide  sufficient 


OPGW  Protecting  Tube 


Fig. 3  Structure  of  Pulling  Hardware 


In  order  to  meet  the  requirements,  it 
has  been  designed  as  shown  in  Fig.  3,  with 
specifications  as  described  below: 

a.  Metal  end  of  the  OPGW 

1. The  fiber  unit  is  protected  by  a  metal 
sleeve  gripping  the  interior  at  the  end 
of  the  OPGW.  a  sufficiently  high  grip 
force  to  stand  the  stringing 
tension  force  is  achieved. 

2.  The  end  is  convered  by  a  moderately 
tapering  rubber  cover  to  improve  wheel 
passabi 1 i ty . 

b.  Protecting  tube 

1  .  A  lace-reinforced,  s t a i n 1 e s s - s t ee  1 
flexible  tube  is  used  to  provide 
resistance  against  tension  force  and 
lateral  pressure.  It  also  improves 
wheel  passabi lity. 

2.  A  PVC  tube  was  incorporated  for 

waterproofing,  taking  into 

consideration  transit,  outdoor  stowage, 
etc . 

3.  The  outside  diameter  was  designed 
not  to  exceed  65  mm  for  the  sake  of 
wheel  passabi lity. 

A  wheel  passability  test  was  performed 
on  the  pulling  hardware,  Fig.  4,  to 
confirm  the  mechanical  strength  and  other 
charac te r i s t ics  of  the  trial  products. 
Table  2  shows  the  test  results.  Fig.  5 
describes  the  fluctuation  of  the  tension 
force,  which  is  found  to  increase  when 
the  pulling  eye  encounters  the  wheel  (to 
approx.  1.7  times  the  designed  force). 
This  increase,  however,  is  tolerable  and 
poses  no  particular  problems.  Under  this 
test  it  was  proven  that  the  trial  products 
have  favorabel  characteristics. 
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Table  2.  Tost  Results  of  Wheel  Passability  Test 


1 

Results 

Designed  Tension 

500kgf 

Designed  Tension 
lOOOkgf 

Wheel  passability 

No  problem 

No 

— 

prob 1 em 

j 

Protecting  tube 

No  problem 

No 

problem 

i 

1 

OPGW 

No  problem 

No 

prob lem 

Attenuat i on 

loss 

No  loss  increase 

No 

loss  increase 

Max.  Tension 

880kg  f 

1 670kg  f 

Fig.  4  Wheel  Passability  Test 


F  i  g  .  f>  Mxanph;  of  Fluctuation  of 
Tons i on  Force 


2-3  Joint  box 


A  joint  box  which  consists  of  an 
aluminum  alloy  box,  an  aluminum  alloy  lid, 
an  O-ring  and  an  organizer  was  developed 
for  accommodating  the  mated  connector  as 
well  as  the  optical  fibers.  Fig.  6  shows 
the  structure  of  the  joint  box,  with  the 
organizer  separated  into  two  parts;  one  is 
to  accommodate  the  mated  connectors  and 
the  other  is  to  accommodate  the  optical 
fibers.  Such  a  design  as  cited  above  has 
reduced  adverse  factors  against  the  inside 
fiber  and  connectors  to  the  lowest 
possible  level,  while  contributing  to  the 
ease  in  accommodating  the  optical  fibers 
and  connectors. 

Taking  into  consideration  the  branch 


cables  of  the  jointing;  the  joint  box  is 
designed  to  provide  four  cable  inserting 
holes,  an  organizer  part  for  accomodating 
four  mated  connectors  and  an  other 
organizer  part  for  accommodating  four 
pairs  of  optical  fiber  units.  The  joint 
box  is  provided  with  an  O-ring  between  the 
box  and  the  lid  and  with  sealing  tubes  in 
the  cable  insertion  holes  to  insure 
waterproof i ng . 


Cable  Insertion  Hole  Connector 


Fig. 6  Structure  of  Joint  Uox 


3 .  Field  test 


3-1  Installation  test 


Product  behavior  during  installation, 
optical  properties  and  other 

characteristics  were  tested  by  installing 
the  trial  products  on  steel  towers.  The 
test  employed  two  OPGWs  with  connectors  on 
both  ends  and  four  six-fiber  connectors. 
The  test  revealed  that  there  was  a  master 
connector  loss  of  0.14  dB  on  the  average 
in  the  course  of  a  connecting  operation. 
Fig.  7  shows  the  structure  of  the  OPGW 
under  the  test  and  Table  3,  its 
speci fi cations. 

The  stringing  method  was  one  in  which  a 
number  of  small  pulleys  were  used  on 
normal  type  OPGWs.  Fig.  8  shows  the 
stringing  method,  in  which  samples  were 
hung  on  steel  towers  spaced  188  m  and  206 
m  apart  respectively,  with  three 
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Aluminum-Clad 
Steel  Wire 


Fig. 7  Cross  Section  of  OPGW 


Table  3.  OPGW  Construction 


Nominal  section 
area  <  mm •  ) 

;  55 

Strand  construction 

6/3.23 

( mm ) 

segment-shaped  type 

Aluminum  pipe 

1/5.0  (3.8) 

( mm ) 

Outer  diameter 

9.6 

( mm ) 

Mini  mum  tens i 1 e 

5 , 780 

load  (kgf) 

i 

!  A  1  urn i num- 

Estimated) clad  steel 

49.16 

cross-  w i re 

area  i A  1 um i num 

(mm  )  p i pe 

2.0155 

Standard  weight. 

|  334 . 4 

( kg/cm ) 

Electric  resistance 

1  .  54 

(20C  )  C'/km) 

Equivalent  elastic 

j  15,200 

modu 1  us  ( kg/mm  ) 

i 

equivalent  expansion 

i  12.910 

coe  f  f  i  c  i  en  t  (!/'(') 

J _ 

Existing  OGW  Messenger  Rope 


l-'ig.  8  Field  Test 

connection  points  where  fibers  were  hold- 
connected  to  the  measuring  instruments. 
Fig.  9  illustrates  the  connection  diagram. 

Table  4  shows  the  test  results,  in 
which  tension  force  acting  on  the  sample 
during  the  stringing  operation  is  found  to 
be  outstandingly  low  (Fig.  10),  permitting 
wheels  and  pulleys  to  smoothly  pass  over 
the  sample.  The  test  revealed  no  change  in 
the  pulling  hardware,  the  ends  of  the 
OPGWs.  And  the  connectors  after  stringing 
have  shown  a  very  favorable  connector  loss 
of  0.15  dB  on  the  average.  The  pulling 
hardware  proved  to  have  an  expectedly 
satisfactory  effect;  confirming  that  the 
conventional  operating  methods  are 
applicable  to  the  OPGW  with  connectors. 

The  connec t o r- connec t i on  method 
completed  the  jointing  work  in  40  minutes. 
This  used  to  require  about  one  day  in  the 
case  of  the  conventional  fusion  splicing 
method.  Elimination  of  the  necessity  for 
the  fusion  splicer  and  other  equipment  as 
well  as  scaffolds  for  the  splicing 
operation  results  in  the  economization  of 
preparation  and  removal  work,  leading  to  a 
remarkable  simplification  of  the  OPGW 
jointing  work. 


Table  4.  Test  Results  of  stringing  Tost 


Resu 1 t  s 

1  terns 

Samp]**  No. 

1  Samp  1 e  No . 2 

Wheel  passability 

No  problem 

No 

ptob 1 em 

Protecting  tube 

No  problem 

No 

prob 1  cm 

Appearance  Connector 

No  problem 

No 

p rob  I em 

OPGW 

No  problem 

No 

prob 1  cm 

■Jo  i  nt.  i  ng  t  i  me 

.30  min. 

10  min. 

.‘10  min. 

Connor  t.  i  on  loss  after  the  t  cst 

0  .  1  5011 
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Fig. 9  Connection  Diagram 


Fig. 10  Fluctuation  of  Tunsion  Force 


3-2  Long-time  reliability  test 

Fig.  11  shows  the  results  of  a  test 
conducted  for  about  nine  months  with 
respect  to  the  fluctuation  of  optical 
power  in  the  sample  after  the 
installation.  The  loss  incerease  during 
the  test  was  as  low  as  0.03  dB  per 
connecting  point.  Fig.  12  and  13  show 
that  the  increase  in  the  connector  loss 
depends  on  the  temperature.  But  it  is  as 
low  as  0.01  dB  per  connecting  point  during 
the  most  extreme  day. 


J  Jun.  Aug.  Oct.  Dec.  Feb. 


Fig. II  Loss  Change  after  Installation 


Fig. 13  Temperature  Change 


The  test  revealed  that  the  joint  box 
consistently  functioned  well  and  retained 
it’s  original  surface  on  both  the  interior 
and  exterior,  Leakage  of  moisture  into  the 
box  was  also  found  to  be  nonexistant. 

Thus  the  OPGW  with  connectors  has 
exhibited  outstandingly  stabilized  optical 
characteristics  and  long-time  reliability. 


4 ■  Conclus ion 

The  results  of  the  various  kinds  of 
tests  on  the  OPGW  using,  multi-fiber 
connectors,  are  summarized  as  follows: 

1 . Rea  1 i zat i on  of  a  low-loss  multi-fiber 
connector 

A  multi-fiber  connector,  which 
features  stabilized  and  long-term 

characteristics  with  low  connector  loss 
and  instantaneous  connec t ab i 1 i t y  has 
been  produced.  It  has  been  proven  that 
the  OPGW  can  be  connected  by  means  of 
connectors,  thanks  to  the  accomplishment 
of  the  above-cited  connector. 

2 . Simpl i f ication  of  jointing  operation 

Fabricating  the  multi-fiber  connector 
in-plant  has  remarkably  simplified  the 
on-site  jointing  operation.  Since,  the 
scaffolds  for  the  jointing  operation 
are  also  no  longer  required,  the 
preparation  work  has  also  been  so 
simpified  that  it  is  no  longer  required. 
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3 . Convent ional  methods  are  applicable 

It  has  been  confirmed  that  the  use  of 
the  pulling  hardware  which  protects  the 
ends  of  OPGW  with  connectors  permits 
conventional  methods  to  string  the  OPGW 
without  any  damage  to  the  fiber, 
connecter,  etc. 
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ABSTRACT 

A  new  technology,  which  makes  It  possible  to 
transfer  live  data  transmission  circuits  with  no  bit 
error  by  controlling  the  transitional  signal  level 
variation  gradually,  Is  presented  as  resistor 
insertion  multi-connecting. 

NTT  has  developed  a  cable  transfer  splicing 
system  adopting  this  technology.  The  system  will  be 
Introduced  for  actual  applications  in  December 
1988. 


1 .  BACKGROUND 

Recently,  the  number  of  non-telephon  circuits, 
which  carry  data  signals,  facsimile  signals  and  so 
on,  Is  worldwldely  increasing.  These  data 
communications  require  a  higher  quality  and  higher 
reliability  network  than  those  used  only  for  voice 
communications. 

To  satisfy  the  requirement,  NTT  Is  currently 
replacing  existing  cables  with  improved  polyethylene 
Insulated  cables,  however  the  work  sometimes  causes 
serious  problems  shown  as  follows. 

(1)  Permanent  signal  level  variation 
(2t  Disconnection  of  the  circuits 
(3)  Transitional  signal  level  variation 

The  permanent  signal  level  variation  can  be 
reduced  by  designing  the  lin;  loss  of  new  cable  as 
same  as  that  of  old  cable.  And  disconnection  of  the 
circuits  can  be  prevented  by  multi-connecting  of  new 
and  old  cables.  However,  as  there  was  no  methods  to 
suppress  the  transitional  signal  level  variation, 
which  occurs  in  a  short  time  (several  milliseconds) 
,  it  was  impossible  to  transfer  live  data 
transmission  circuits  without  disturbing  the 
information. 

Therefore,  some  new  technology  and  systems, 
which  perform  transfer  with  no  bit  error  by 
suppressing  or  controlling  the  transitional  signal 
level  variation  into  acceptable  value,  have  been 
earnestly  required. 


2.  PROBLEMS  IN  CONVENTIONAL  TRANSFER  METHOD 

For  transferring  voice  communications  circuits, 
multi-connecting  method  has  been  applied.  It  is 
possible  to  prevent  disconnection  of  the  circuits 
with  this  method,  but  some  bad  Influences,  which 
shown  in  Figure  1,  are  caused. 


Conductors  are  spliced  non-simultaneously 
between  both  transfer  points 

(  Bridged  tap  condition  occurs  ) 


Transfer  Transfer 

point  point 


Direct  multi'  Tip  arid  ring  conductors  arc 

connecting  causes  spliced  non  simultaneously  at 

unacceptable  signal  each  transfer  point 

level  variation  (fMRR  decreases) 

CMRR  :  Common  mode  signal  rejection  ratio 
Figure  1  Problems  in  conventional  transfer  method 


Figure  2  shows  an  example  of  the  signal  level 
variation  during  the  existing  multi -connect ing 
transfer.  The  transitional  signal  level  variations 
are  caused  in  the  several  milliseconds. 

As  a  result,  if  the  data  transmission  circuits 
are  transferred  by  this  metod,  the  information  will 
be  Influenced  and  caused  a  largo  amount  of  bit 
errors. 
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Conductor  diameter  : 

0.4  mm 

Cable  length  : 

3.0  km 

Signal  (sine  wave) 

1 . 5  kHz 

;  1 2  tl  t|  ts  ts 

t?  1 8 

1  • 

•;  j  ‘ 

i 

r  1  !  > 

Spl ice 
,  new  cable 

2 . 0  sec 


Cut  off 
old  cable 


t, :  splice  tip  of  new  cable  at  upper  side 
1 2 •  splice  ring  of  new  cable  at  upper  side 
tj  •'  splice  tip  of  new  cable  at  lower  side 
tt :  splice  ring  of  new  cable  at  lower  side 
ts—  ts '•  Cut  off  old  cable  conductors 
in  the  same  process  as  above 

Figure  2  Example  of  signal  level  variation 


3.  NEWLY  DEVELOPED  TRANSFER  METHOD 

To  achieve  a  non-interruption  and  disturbance- 
free  cable  transfer,  it  Is  effective  to  control  the 
transitional  signal  level  variation,  which  caused 
during  conventional  transfer,  gradually. 

Figure  3  shows  the  new  transfer  technology 
using  the  "resistor  Insertion  multi-connecting 
method"  to  satisfy  the  requirment. 


sr.l  I'M 

•■■I  with  .'ii.  ii 

r  ft;.  ,n  t 


m-iH  !■  •  ■  u  .itii 
:/:•  .  ;■  i  t! 


..Ill  ■!  !l  ,:  i 


Figure  3  Resistor  insertion  multi -connecting  transfer 


3.1  Investigation  of  controlling  the  transitional 
signal  level  variation. 

The  instantaneous  level  variation  Is  caused  by 
the  direct  connection  of  new  and  exlstng  cable 
conductors. 

To  control  It  gradually  within  the  limmit 
allowed  for  data  transmission  systems,  resistor 
insertion  multi-connecting  technology  has  been 
developed.  In  its  process,  new  and  existing  cable 
conductors  are  first  connected  each  other  through 
the  electrical  resistors  inserted  in  new  cable, 
which  are  at  a  high  value  (Figure  i).  After  that, 
the  resistances  are  being  decreased  with  some 
stages. 


Existing  cable 


Now  cable 


Figure  4  Resistor  l ns»?t i on  multi  row'd i ng 


(1)  Experimental  results  1 

To  fix  the  first  inserted  resistance  valule  and 
decreasing  steps,  calculations  and  measurements  of 
the  level  variations  with  some  resistor  insertion 
multi-connecting  models  had  been  carried  out. 

Figure  5  shows  the  results  of  them. 

By  this  experiments,  the  first  inserted 
resistance  value  was  required  as  over  10k  »  ,  and 
it  was  necessary  to  decrease  the  resistance  with 
small  steps  in  the  range  between  5  k ii  and  zero. 


Figure  Signal  level  variation  versus 
inserted  resistance 
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(2)  Experimental  results  2 

According  to  that  result,  the  level  variation 
in  each  steps  would  be  suppressed  at  acceptable 
rate,  however  bit  error  will  be  caused  because  the 
compensation  function  of  data  transmission  systems 
can  not  follow  the  variation  if  the  resistance 
holding  time  is  too  short. 

Figure  6  shews  the  experimental  results  of  bit 
error  measurement  during  the  process  under  the  some 
resistance  holding  time. 

The  data  transmission  systems  applied  to  this 
measurement  are  shown  in  Table  1.  Their  receiving 
signal  levels  were  set  to  the  minimum  value  with 
signal  attenuator. 


(3)  Application  to  transfer  circuit 

To  apply  this  technology  to  transfer  circuit, 
It  is  also  necessary  to  cut  off  the  old  cable  by 
the  symmetrical  resistance  insertion  in  the  old 
cable. 

Furthermore,  to  suppress  the  variation  of  other 
transmission  characteristics,  for  example,  common 
mode  signal  rejection  ratio  of  balanced  pair, 
reflective  loss,  it  is  effective  to  carry  out  the 
resistor  insertion  process  both  at  two  conductors 
and  at  two  transfer  points  with  2-pair  transfer 
circuits  simultaneously. 


CCITT  !  Transmission  Resistance  holding  period  (msi 
recommendation  speed  [bps]  ^  '  10  50  100  500 


|  !V.22j  1200 

!  V. 26  ‘  2400 

•  ;• 

i  V. 27  !  4800 

■■.»  •  -•  i  -  . 

{  V. 29  9600 

; 

3.2  k 

X. 20  6.4  k 

DSL  -  - 

:  X. 21  ;  12.8  k 

64  k 

H  :  Bit  error  occurred 
DSU  :  Digital  service  unit 


Figure  6  Results  of  bit  error  measurement 
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Table  1  Characteristics  of  data 
transmission  systems 


Transmission 

T  ransiti  i  ss  i  onon 

Signal 

Signal 

speed  1bps] 

method 

sending 

level 

reoe i v : ng 
level 

1200 

FSK 

0  -  -15  dRm 

»*-  -32  /am 

2400 

PSK 

0  -  - l 5  dPm 

-32  dP/n 

-  — 

. 

- -  -  . 

4300 

PSK 

0  -  -15  dBm 

6--  32  dlVr 

9000 

QAM 

0  — 15  d£/n 

6-  32  /Jim 

3.2  k 

64  k 

Digital  codec 

3  V,  »  hip  'la 

40-V."  ■  ■ 

FSK 

:  Frequency  shift 

keying 

PSK 

:  Phase  shift  k**y 

"X 

CAM 

:  Quadrature  Arp! 

tude  Moduli* i 

T 

fw 

:  Nyquist  frequent 

y 

3.2  Investigation  of  applying  to  a  new  data  trans¬ 
mission  system 

A  new  digitalized  high  speed  data  transmission 
system  using  200  kbps  TCM  (Time  compression 
Multiplexing)  technology  was  developed  as  pre-ISDN 
system  In  the  same  period.  A  transfer  curcuit 
having  fixed  resistors  and  relay  switches  as  a 
inserted  variable  resistor  was  manufactured  and  its 
adaptability  for  this  new  system  was  studied. 

In  this  transmission  system,  as  26  mA  DC 
current  constantly  flows  on  the  circuit,  noises, 
which  disturbing  the  signals,  will  be  caused  if  the 
line  resistance  changes.  So,  the  transfer  circuit 
using  stepping  resistance  transition  could  not  be 
applied  to  this  system  with  no  bit  error. 

To  clear  this  problem,  It  is  necessary  to 
realize  the  more  continuous  and  gradual  transition 
of  inserted  resistances. 

To  realize  this  transition,  LED-CdS 
photocoupler  was  introduced  as  the  variable 
resistor.  Its  resistance  is  fixed  by  the  current 
flowing  into  the  LED.  So,  by  catrolling  the  current 
gradually  and  accurately,  the  inserted  resistances 
can  be  set  to  ideal  value. 

Figure  7  shows  a  block  diagram  of  the  control 
and  calibration  circuit  for  adapting  LED-CdS 
photocoupler  to  a  controllable  resistor. 

ihe  control  information  is  memorized  in  the 
memory  IC  as  the  value  of  the  voltage.  It  is 
converted  into  current  and  supplied  to  the  sED  along 
the  transition  curve  by  CPU  support.  The  resistance 
of  the  LED-CdS  photocoupler  is  calibrated  and 
checked  with  the  calibration  circuit. 

Figure  8  shows  the  inserted  resistance 
transition  and  Figure  9  shows  examples  of  the  signal 
level  variation  during  the  new  multi-connecting 
transfer  by  controlled  LED-CdS  photocoupler. 

Figure  10  shows  the  maximum  value  of  level 
variation  versus  transferred  cable  length  (the  new 
and  old  cable  length  are  the  same). 


694  International  Wire  &  Cable  Symposium  Proceedings  1988 


LED-CdS 
Photo  coupler 


Cable  length  :  3.0  km 

Signal  (sine  wave)  :  1.5  kHz 


1  MEMORY  ' 

CPI'  :  Ontral  processing  unit 
D/A  :  Digital  to  analog  convertei 
A-'D  :  Analog  to  digital  convert it 
V/I  :  Voltage  to  current  converter 
CAI.  :  Measurement  arid  caiiblation 
ei rcui t 


Figure  7  Block  diagram  of  resistance  control 
circuit  for  l.KD  CdS  photocoupler 


I 


Transit  i'-n  of  insert-"1,  r*-  os'  un-e 
iisi.r  I.F1'1  GIN  pr.  r  ■  i  p  i  -  -  r 


CO 


1 - 1 - r _ r. _ i _ i _ iiii 

Figure  9  Signal  level  variation  in  new  transfer 
method  using  LED-CdS  photocoupler 


Figure  10  Maximum  value  of  signal  level  variation 
versus  tranferred  cable  length 


li.  CABLE  TRANSFER  SPLICING  SYSTEM 
FOR  PRACTICAL  APPLICATIONS 


To  apply  this  transfer  circuit  to  the  practical 
applications,  NTT  has  developed  some  new  products 
and  technology  shown  as  follows. 

1  Transfer  equipment  using  a  resistor  insertion 
multi-connecting  method; 

The  Inserted  resistors  are  LED-CdS 
photocouplers.  It  automatically  perfomes  the 
10-pair  transfer.  It  also  contains  a  new  pair 
identification  circuit  adopting  the  lock-in 
amplifier  principle.  These  functions  are 
supported  by  a  built-in  microprocessor. 
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(2)  A  pair  transferable  connector; 

A  pair  transferable  connector  is  capable  of 
splicing  10-palr  conductors  in  a  body  with 
incorporated  Insulation  displacement  type 
contacts.  Two  connectors  can  be  mated  each 
other.  It  is  also  possible  to  make  contact  with 
the  spliced  conductors  through  contact  holes  at 
the  bottom. 

(3)  Transfer  splicing  equipment; 

It  connects  the  connector  or  conductors  to 
the  transfer  equipment  electrically  using 
conductive  pin  probes. 


5.  EVALUATION  OF  THE  TRANSFER  SPLICING  SYSTEM 

The  capability  of  error-free  transfer  had  been 
confirmed  with  simulating  data  transmission  systems, 
which  mentioned  in  the  above,  in  experimental 
facilities  since  January  1986  to  March  1987. 

Futhermore,  after  some  improvement,  it  was 
applied  to  commercial  test  for  confirming  its 
function  and  workability. 

Table  2  shows  the  number  of  transferred 
circuits  in  commercial  test. 


Table  2  The  number  of  transferred  circuits 
in  commercial  test 


|  Transmission  method  !  Number  of  :  Use  of  circuits 

!  cr  data  speed  j  circuits 

j  Voice  (telephone)  |  635b  !  Telephone.  Facsimile 

!  Voice  band  data  1  '  Stock  information  service 

(  1 4100  bps  )  ;  a 

I  Voice  band  data  ,  ,  Financial  informations 

!  (12C0  ~56C0  bps)  693  :  cr  trade  informations,  etc 

Digital  coded  data  '  Remote  security  service 

(  50  bps  )  262  | 

Total  Tilt  —  -  — 


In  these  test,  it  was  confirmed  that  transfer 
splicing  is  carried  out  with  no  bit  errors,  and  it 
takes  about  10  minutes  per  10  circuits  transfer 
splicing. 

NTT  has  started  providing  the  ISDN  system  using 
320  kbps  TCM  digital  transmission  technology  in  a 
pair  metallic  conductors  since  April  1988,  which 
satisfy  the  CCITT  I-series  recommendations.  With 
this  circuit,  it  is  possible  to  transfer  with  no  bit 
error. 


6.  CONCLUSIONS 


In  transfer  splicing  of  the  metallic  cable 
containing  the  data  transmission  circuits,  it  is 
necessary  to  carry  out  the  transfer  without 
disturbing  the  information  on  the  pair. 

The  new  transfer  technology  using  the  "resistor 
Insertion  multi-connecting  method"  makes  it 
possible  to  control  the  transitional  signal  level 
variation  gradually  and  to  transfer  with  no  bit 
error. 

This  technology  has  been  introduced  into  the 
cable  transfer  splicing  system  for  practical 
applications. 

This  actual  system  has  been  co-developed 
together  with  NTT,  3M  Company  and  Fujikura  Co., Ltd. 
ever  since  1985. 

In  addition,  this  system  has  been  Improved 
through  commercial  tests  from  April  1987  to  March 
1988  and  will  be  introduced  for  actual  application 
in  December  1988. 


ACKNOWLEDGMENTS 

The  authors  wish  to  thank  Takayuki  Nimlya, 
General  Manager  of  Line  Engineering  Project  Group  in 
NTT  Tsukuba  Field  Engineering  Development  Center, 
Seiji  Takashlma,  General  Manager  of  T 
elecommunication  Cable  Systems  &  Outside  Plant 
Project  in  NTT  Network  Systems  Develpment  Center 
and  Fuminori  Kozono,  Assistant  Manager  in  NTT 
Tokyo-Minato  district  headquarters. 


696  International  Wire  &  Cable  Symposium  Proceedings  1988 


£ 


Hiroaki  Kubozono 

NTT  Tsukuba  Field 
Engineering  Development 
Center 

1-7-1  Hanabatake 
Tsukuba-shi,  Ibaraki 
305  Japan 

Hiroaki  Kubozono  received  his  B.S  degree  in 
electrical  engineering  from  Kagoshima  University 
in  1983-  He  joined  NTT  in  1983  and  has  been 
engaged  in  development  on  construction  and  mainte¬ 
nance  technology  of  metallic  telecommunication 
cable  systems.  He  is  an  engineer  in  the  Line  Engi¬ 
neering  Project  Group  in  NTT  Tsukuba  Field 
Engineering  Development  Center. 


Masato  Hi  rata 

NTT  Network  Systems 
Development  Center 

2-1  Uchisaiwai-cho 
i-chome  Chiyoda-ku, 
Tokyo  100  Japan 

Masato  Hirata  received  his  M.S  degree  in  electri¬ 
cal  engineering  from  Nagoya  Institute  of 
Technology  in  1979.  He  joined  NTT  in  1979.  He  has 
been  engaged  in  development  of  metallic  conductor 
cable.  He  is  a  senior  engineer  in  the  Telecommuni¬ 
cation  Cable  Systems  &  Outside  Plant  Project  in 
NTT  Network  Systems  Development  Center.  He  is  a 
member  of  the  Institute  of  Electronics,  Informa¬ 
tion  and  Communication  engineers  of  Japan. 


Yuzo  Tsuchiya 

NTT  Tsukuba  Field 
Engineering  Development 
Center 

1-7-1  Hanabatake 
Tsukuba-shi,  Ibaraki 
305  Japan 


Yuzo  Tsuchiya  received  his  B.S  degree  in  materials 
science  from  University  of  Electro-communications 
in  1973.  He  joined  NTT  in  1973.  After  gaining 
experience  in  outside  plant  management  in  the 
Yokohama  district  headquartes,  he  has  been  engaged 
in  development  on  construction  and  maintenance 
technology  of  metallic  and  optical  telecommuni¬ 
cation  cable  systems.  He  is  an  exective  engineer 
in  the  Line  Engineering  Project  Group  in  NTT 
Tsukuba  Field  Engineering  Development  Center.  He 
is  a  member  of  the  Institute  of  Electronics, 
Information  and  Communication  engineers  of  Japan. 


Tomonobu  Shimomura 

NTT  Network  Systems 
Development  Center 

2-1  Uchisaiwai-cho 
1 -chome  Chiyoda-ku, 
Tokyo  100  Japan 

Tomonobu  Shimomura  received  his  B.S  in  precision 
machinery  engineering  from  Tokyo  University  in 
198k.  He  joined  NTT  in  198k.  He  has  been  engaged 
in  development  of  metallic  conductor  cable.  He  is 
an  engineer  in  the  Telecommunication  Cable  Systems 
4  Outside  Plant  Project  in  NTT  Network  Systems 
Development  Center.  He  is  a  member  of  Electronics, 
Information  and  Communication  engineers  of  Japan. 


International  Wire  &  Cable  Symposium  Proceedings  1988  697 


Single-Fiber  Optical  Connector  for  Tactical  Applications 


B.  V.  Darden  and  B.  G.  LeFevre 
V.  E.  Kalomiris 


AT&T  Bell  Laboratories,  Norcross,  Georgia  30071 
US  Army  CECOM,  Ft.  Monmouth,  New  Jersey  07703 


ABSTRACT 

A  single-fiber,  practical  hermaphroditic  connector  has  been  designed 
for  use  in  tactical  fiber-optic  communications  systems  and  robotic 
vehicle  applications.  It  is  intended  for  use  wherever  two-way 
transmission  over  a  single  optical  fiber  is  indicated.  Development 
effort  was  guided  by  (k: tailed  design  criteria  similar  to  that  used  for 
the  two-fiber  Tactical  Fiber  Optic  Cable  Assembly  (TFOCA)  unit 
previously  developed  for  the  U.S.  Army  CECOM.  The  single-fiber 
(simples)  connector  is  available  in  both  multimode  and  single-mode 
versions.  Typically,  insertion  loss  is  less  than  1  dB  when  installed  on 
either  50/ 125 -pm  multimode  fiber  or  single-mode  fibers. 

Many  features  of  the  successful  AT&T  duplex  TFOCA  connector 
have  been  incorporated  into  the  simplex  design.  These  include  the 
same  biconic  components,  cable  retention  hardware  which  requires 
neither  special  tools  nor  adhesives,  waterproofing  seals,  and  field 
cleanability.  The  connector  was  designed  to  accommodate  cable 
diameters  ranging  from  2  to  5  mm.  Operating  temperature  range  is 
from  -55*  to  85‘C.  The  new  connector  is  2.8  cm  in  diameter,  a 
mated  pair  is  15.2  cm  long  (excluding  bend  limiter)  and  weighs  325 
grams,  including  dust  covers. 


Figure  1.  Duplex  Connector 


INTRODUCTION 

In  1987  AT&T  completed  development  of  a  two-fiber,  hermaphroditic 
connector  for  use  in  tactical  fiber-optic  communications  systems.111 
The  connector,  shown  in  Figure  1,  and  its  companion  bulkhead 
receptacle  were  designed  to  be  rugged,  waterproof,  and  resistant  to 
the  stringent  environments  experienced  in  tactical  military 
applications.  A  duplex  embodiment  of  AT&T's  biconic  connect or, 
the  tactical  unit  is  available  in  multimode  and  single-mode  versions, 
and  insertion  loss  of  each  is  typically  less  than  1  dB. 

For  many  tactical  fiber-optic  communications  systems  and  tethered  or 
robotic  vehicle  applications,  two-way  transmission  over  a  single 
optical  fiber  is  indicated.  AT&T  has  designed  a  single-fiber 
(simplex)  connector  for  those  uses.  Development  effort  was  guided 
by  detailed  design  criteria  similar  to  that  used  for  the  two-fiber 
Tactical  Fiber-Optic  Cable  Assembly  (TFOCA)  unit  previously 
developed  for  the  U.S.  Army  CECOM.  Many  features  of  the 
successful  duplex  connector  have  been  incorporated  into  the  simplex 
design.  These  and  other  features  of  the  new  connector,  along  with 
testing  results,  will  be  described  in  this  paper. 


TACTICAL  SIMPLEX  CONNECTOR 

Tactical  systems  often  employ  cable  assemblies,  typically  1-km  in 
length,  which  are  concatenated  to  complete  fiber  links  as  long  as  15 
kilometers  without  repeaters.  For  those  uses  it  is  desirable  for  the 
cables  to  be  terminated  with  hermaphroditic  connectors  so  that  all 
cable  ends  are  identical.  Any  cable  end  would  mate  with  any  other. 
For  more  traditional  applications  such  as  those  where  a  connector 
mates  with  a  bulkhead  receptacle  only,  the  hermaphroditic  feature  is 
not  required.  The  new  simplex  connector  is  suitable  for  both  uses 
described  above  and  is  available  in  both  multimode  and  single-mode 
configurations.  It  meets  mechanical  and  environmental  requirements 
listed  in  Table  I. 
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TABLE  I.  Connector  Requirements 


Insertion  Loss: 

Mating  Durability: 
Coupling  Torque: 
Shock  Drop: 

Shock: 

Vibration: 

Cable  Retention: 
Tensile  Strength: 

Flex  Life: 

Twist  Life: 
Temperature  Cycling: 
High  Temperature: 
Low  Temperature: 
Temperature  Shock: 
Water  Immersion: 
Humidity: 

Salt  Fog: 

Dust- 

Mud  Immersion: 
Fungus: 


1.5  dB  Maximum  (Multimode,  Single-Mode) 
1000  Complete  Cycles 
0.75  inch-pound  Maximum 
10  ft  Drop,  6  Times 
40g  Sawtooth  Pulse,  11  ms  Duration 
5-500-5  Hz,  15  Minute  Sweep,  4.2g 
Cable  Dependent  -  up  to  300  lbs. 
i  300  lbs. 

2000  Cycles  at  +20'C,  1000  Cycles  at  -55’C 
1000  Cycles  at  +20-C 
-55  to  +  85‘C 

MIL-STD-810D,  Method  501.1  (85'C) 
MIL-STD-810D,  Method  502.1  (-57‘C) 

-57'C  to  +85’C 
2-Meter  Depth,  24  Hours 
MIL-STD-810D,  Method  507.1  (>  90%.  30‘C) 
MIL-STD-810D,  Method  509.1 
MIL-STD-810D,  Method  510.1 
5  Minutes,  10  Times 
MIL-STD-810C  Method  508.1 


Hermaphroditic  connectors  are  readily  designed  and  produced  when 
an  even  number — 2, 4,  6,  etc. — of  fibers  are  to  be  mated.  Half  of  the 
fibers  are  terminated  with  a  traditional  male  terminus  and  the  others 
with  a  female.  Thus,  when  two  connectors  are  joined,  the  male 
termini  mate  with  their  female  counterparts,  and  high  performance 
connections,  i.e.,  4  1  dB,  can  be  accomplished.  However,  producing 
a  high  performance  hermaphroditic  single-fiber  connector  is  more 
difficult.  Large  efforts  have  been  expended  with  only  spare 
achievements  to  date. 

The  AT&T  tactical  simplex  connector  can  be  described  as  a  pseudo 
or  practical  hermaphroditic  unit — not  hermaphroditic  in  the  strictest 
sense,  but  hermaphroditic  in  its  application.  As  shown  in  Figure  2, 
the  simplex  connector  consists  of  two  major  components — connector 
plug  and  sleeve  holder — and  a  dust  cover. 


The  connector  is  2.8  cm  in  diameter  and  a  mated  pair  weighs  325 
grams,  including  dust  covets.  A  companion  bulkhead  receptacle  was 
developed  for  the  system  and  shares  a  common  interface.  Hence,  any 
cable  end  can  be  mated  with  any  other  or  with  a  receptacle.  The 
sleeve  holder  can  be  separated  from  the  connector  plug  by 
unscrewing  the  connector  coupling  nut  When  separated  the  sleeve 
holder  is  secured  by  a  flexible  lanyard.  A  captivated  dust  cover 
closes  the  open  end  of  the  sleeve  holder. 

The  schematic  in  Figure  3  shows  the  connector  mating  sequence. 
Mated  simplex  connectors  are  depicted  in  Figure  4.  For  applications 
where  the  hermaphroditic  feature  is  not  required,  the  connector  can  be 
provided  without  the  sleeve  holder.  Then  the  connector  mates 
directly  with  a  bulkhead  receptacle  which  contains  a  sleeve.  When 
the  connector  is  unmated,  a  special  dust  cover  is  attached  to  prevent 
water  or  dust  entry. 
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Figure  3.  Mating  Simplex  Tactical  Connectors 
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Figure  2.  Simplex  Tactical  Connector 


Figure  4.  Mated  Simplex  Connectors 
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The  sealed  connecter  insert  assembly  shown  in  Figure  5  contains  the 
biconic  plug.  A  fluorosilicone  bellows  seal  allows  the  plug  to  float 
axially  and  radially  to  align  with  its  counterpart  in  a  mated  connector. 
It  also  prevents  water  entry  around  the  plug  during  connector 
cleaning  operations.  An  O-ring  seals  the  insert-connector  shell 
interface.  The  forward  most  part  of  the  assembly  is  a  threaded 
retaining  ring.  The  ring  secures  the  assembly  within  the  connector 
shell;  its  geometric  features  align  and  orient  the  connector  with  the 
sleeve  holder  and  protect  the  biconic  plug.  Arc-shaped  lobes, 
protruding  to  partially  encircle  and  shroud  the  plug,  are  of  stout 
proportions  to  insure  positive  engagement  with  mating  slots  in  the 
sleeve  holder,  and  to  withstand  the  impact  if  the  unmated  connector 
is  dropped  on  its  end. 
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Figure  6.  Simplex  Connector  Cross  Section 


BULKHEAD  RECEPTACLE 

The  internal  details  of  the  receptacle,  shown  in  Figure  7,  are  identical 
to  corresponding  parts  of  a  connect or  sleeve  holder.  A  short  fiber 
pigtail  extends  from  the  rear  of  the  assembly  for  splicing  to  an 
internal  fiber  or  electro-optic."'!  device.  The  receptacle  may  be 
mounted  through  a  D-hole  in  panels  up  to  6.4  mm  thick  with  a 
standard  AN-series  jam  nut.  An  O-ring  under  the  mounting  flange 
seals  the  panel-receptacle  interface.  The  receptacle  protrudes  about 
2.2  cm  in  front  of  the  bulkhead  and  3.S  cm  from  the  rear.  An 
unmated  receptacle  is  protected  by  a  'an  yard-attached  dust  cover 
identical  to  the  one  provided  for  the  connector. 


Figure  5.  Connector  Insert  Assembly 


Figure  6  shows  in  section  ihe  complete  simplex  connector  assembly. 
A  metal  shell  encloses  the  insert  assembly  described  above  and 
retains  the  cable-termination  hardware.  A  free-turning  coupling  nut 
lightens  the  joint  between  the  connector  plug  and  sleeve  holder,  or 
between  a  connector  plug  and  receptacle.  Coupling  threads  are  a 
modified  60*  stub  for  strength  with  a  double  lead  for  quick  and  easy 
engagement  An  insert-molded  bend  limiter  at  the  rear  of  the 
connector  compresses  a  seal  which  blocks  the  water-entry  path  along 
the  cable,  and  mechanically  isolates  inner  parts  of  the  connector  from 
cable  twist.  Other  leak  paths  are  blocked  by  O-rings  under  the  end 
cap  and  at  the  connector  shell-sleeve  holder  interface. 

The  connector  is  joined  to  the  cable  by  capturing  the  aramid  yam 
typically  used  in  tactical  cables  with  a  special  steel  retention 
assembly  easily  put  together  without  special  tools.  No  adhesive  is 
used  in  the  cable  termination  operation.  The  connector  was  designed 
to  accommodate  cable  diameters  ranging  from  2  to  5  mm.  Only  the 
cable  retention  hardware,  bend  limiter,  and  cable  seal — four  pieces 
total— need  to  be  replaced  to  change  cable  sizes. 

Unlike  duplex  tactical  connectors,  no  excess  or  slack  fiber  is  stored  in 
the  simplex  connector  shell.  If  the  connector  should  require  a 
replacement  biconic  plug,  the  cable  can  be  reterminated  easily 
because  of  the  simple  retention  hardware  design. 

A  sleeve  holder  comprises  an  essentially  symmetrical,  cylindrical 
metal  shell  with  internal  coupling  threads  and  a  cavity  which  retains 
a  biconic  alignment  sleeve.  In  each  end  of  the  sleeve  holder  is  an 
O-ring  which  seals  agains  the  connector  shell  to  prevent  water  or  dust 
entry. 


JAM  NUT 


Figure  7.  Bulkhead  Receptacle 
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MATERIALS 

The  connecter  and  receptacle  shells  and  sleeve  holder  are  aluminum 
die  castings.  The  connector  end  cap,  dust  cover,  and  coupling  nut  are 
machined  from  wrought  aluminum.  All  aluminum  pans  are  given  an 
anodize  finish  for  corrosion  resistance.  All  multimode  connector 
pans  are  black  and  the  single-mode  connector  is  also  black  except  for 
a  gold-colored  endcap  and  dust  cover.  These  are  different  for 
identification  purposes.  The  cable-retention  hardware  and  other  metal 
items  are  passivated  stainless  steel;  the  lanyards  are  plastic -coated 
stainless  steel  stranded  cable.  Except  for  the  biconic  plug,  the 
connector-insert  assembly  is  injection  molded  from  filled  resins 
having  excellent  dimensional  stability,  high  impact  strength,  and  good 
chemical  and  heat  resistance.  Seal  materials  are  neoprene  and 
fluorosilicone. 

CONNECTOR  TESTS 

The  connector  design  objectives  of  low  loss  and  field  ruggedness 
were  evaluated  by  testing  samples  to  the  requirements  listed  in  Table 
1.  The  samples  consisted  of  plug-to-plug  or  plug-to-bulkhead 
combinations  terminating  either  50/125  pm  radiation  hardened 
multimode  or  8.8/125pm  standard  AT&T  single-mode  fiber.  Except 
where  noted,  the  loss  (or  loss  change)  measurements  were  made  with 
1300  nm  LED  sources.  The  results  are  discussed  in  the  following 
section. 

Insertion  Loss  -  The  primary  requirement  of  any  connector  is 
insertion  loss.  For  this  particular  study  it  was  measured  by  two 
methods:  (a)  cut  and  insen  (per  EIA  FOTP  34)  and  (b)  substitution 
(per  EIA  FOTP  171).  The  results  are  summarized  in  Table  2.  Each 
set  of  cut  and  insen  data  is  the  result  of  20  measurements  made  on 
four  samples.  The  substitution  measurements  were  made  with 
jumpers  prepared  by  terminating  2.5  mm  tactical  cable.  Both 
multimode  and  single-mode  values  averaged  less  than  0.6  dB.  For 
the  single-mode  case  a  comparison  between  the  two  methods  is 
shown  graphically  in  Figure  8.  The  0.1  dB  difference  may  be 
attributed  to  the  fact  that  substitution  measurements  involve 
unmatched  fibers. 
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Figure  8.  Insertion  Loss  of  Simplex  Connector  Measured  by.  (a) 
Cut  &  Insert  and  (b)  Substitution  Methods 


Thermal  Cycling  -  The  thermal  cycling  performance  of  the  connector 
was  measured  over  the  range  of  -  55  to  85*C  according  to  the 
schedule  shown  in  Figure  9(a).  Six  mated  pairs  of  connectors 
terminating  6-meter  lengths  of  single-mode  fiber  tactical  cable12’  were 
tested  at  1300  nm  using  a  filtered  white  light  source.  The  results  are 
shown  in  Figure  9(b).  An  average  change  of  less  than  0.1  dB 
occurred  over  the  given  temperature  range.  The  same  cycle  for  2 
mated  pairs  terminating  multimode  cable’21  showed  an  average 
change  of  less  than  0.3  dB. 


TABLE  II.  Insertion  Loss  (dB) 
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Figure  9. 


Thermal  Cycling  Performance  of  Single-Mode 
Connector,  (a)  Thermal  Cycle,  (b)  Added  Loss 
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Mating  Durability  -  The  ability  of  a  connector  to  sustain  a  high 
number  of  successive  matings  without  damage  or  excessive 
intermittent  cleaning  is  an  important  measure  of  its  durability.  The 
tactical  simplex  connector  was  tested  to  1000  matings  without 
damage  and  with  loss  change  less  than  0.5  dB  with  cleaning  at  375, 
650  and  900  cycles.  These  data  are  shown  in  Figure  10. 


Figure  10.  Mating  Durability  of  Single-Mode  Connector 


Environmental  Performance  (General)  -  In  addition  to  thermal 
cycling,  connector  samples  were  subjected  to  the  environmental 
stresses  of  sustained  storage  temperature  extremes,  temperature  shock 
simulating  shipping,  water  immersion,  humidity,  dust,  and  mud 
immersion  (refer  to  Table  1  for  conditions).  The  connectors 
sustained  their  functionality  without  damage  or  loss  change  exceeding 
0.3  dB.  The  TFOCA  connector  which  uses  the  same  basic  materials 
has  previously  been  successfully  tested  to  salt  fog  &  fungus  exposure. 
On  this  basis  the  simplex  connector  meets  all  the  environmental 
requirements  of  Table  1. 

Mechanical  Performance  (General)  -  In  addition  to  mating  durability, 
connector  samples  were  subjected  to  a  series  of  mechanical  tests  to 
evaluate  field-ruggedness.  Three  of  those  tests  simulate  transportation 
and  field-handling  conditions:  shock  drop,  shock,  and  vibration. 
Three  others:  Cable  retention.  Hex  life,  and  twist  life  simulate 
stresses  at  the  cable/connector  interface  during  field-handling.  These 
latter  3  tests  were  conducted  on  samples  terminating  4.0  mm  single¬ 
mode  tactical  cable®.  The  tensile  strength  requirement  designates 
the  load  rating  of  a  mated  connector  pair  joining  two  cable 
assemblies.  The  connector  met  the  mechanical  requirements  of  Table 
I  without  damage  or  loss  of  functionality  and  with  loss  changes  not 
exceeding  0.3  dB. 


A  single-fiber  practical  hermaphroditic  connector,  based  on  biconic 

alignment  components,  has  been  designed  and  successfully  tested  for 

environmental  and  mechanical  conditions  of  tactical  communications  I 

and  robotic  field  applications.  Its  development  was  facilitated  by  the 

use  of  proven  technology  and  materials  based  on  the  AT&T  two-fiber 

TFOCA  connector.  The  simplex  connector  is  capable  of  maintaining 

less  than  1.0  dB  attenuation  under  operating  field  conditions. 
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ABSTRACT 

The  ratio  of  the  mode  field  diameter  measured 
at  1300nm  to  the  effective  cut-off  wavelength 
has  been  identified  as  a  useful  parameter  for 
predicting  macrobend  loss  of  1300nm  optimized 
single  mode  fibres  at  1550nm.  This  ratio, 
designated  the  fibre's  MAC  number,  has  been 
shown  to  be  directly  related  to  the  degree 
of  mode  field  confinement  at  1300nm.  Thus 
it  is  a  practical  and  proven  indicator  of  bend 
losses.  Once  an  empirical  relation  has  been 
established,  no  further  time-consuming  bend 
loss  measurements  are  required  on  individual 
fibres.  For  such  fibres  to  possess  enhanced 
bend  resistance  at  1550nm,  we  found  that  the 
ratio  should  be  less  than  8.5.  However,  the 
appearance  of  a  secondary  bend  loss  mechanism 
for  some  depressed  cladding  fibres  at  the  1550nm 
window  for  bending  diameters  greater  than  50mm 
indicated  that  the  scheme  is  strictly  applicable 
only  to  fibres  obeying  the  pure  bend  loss  theory 
for  the  range  of  bending  diameters  recommended 
by  CC ITT  G652. 


1 .  INTRODUCTION 

Most  telecommunication  applications  employing 
1300nm  optimized  single  mode  optical  fibres  in 
the  network  also  require  the  cabled  fibre  to 
perform  satisfactorily  at  1550nm.  The  bending 
performance  at  this  window  is  of  concern  due 
to  the  increased  proportion  of  light  in  the 
cladding.  Consequently,  CCITT  recommendation 
G652  specifies  methods  that  can  be  used  to  qualify 
the  bend  performance  of  these  fibres.  Two  methods 
were  mentioned.  For  qualification  purposes  only, 
the  multiple-turn  (  >  40  turns),  large-diameter 
(60  or  75mm)  mandrel  wrap  test  is  recommended. 
In  cases  where  routine  screening  of  every  fibre 
is  needed,  a  simplified  single-turn,  small -diameter 
(20-30mm)  bend  test  was  included  as  an  altern¬ 
ative. 

Recent  tightening  of  the  bend  loss  at  1550nm 
from  2dB  to  IdB  per  100  turns  over  a  mandrel 
diameter  of  60  or  75mm  means  that  a  significant 
proportion  of  fibres  meeting  the  CCITT  spec¬ 
ification  for  mode  field  diameter  (MFD)  and  cut¬ 
off  wavelength  will  not  meet  the  new  criteria1. 
In  some  applications,  a  bend  loss  of  0.2dB  has 
been  specified.  Thus,  a  method  of  assurance 
is  required. 

The  multiple-turn  wrapping  test  is  ruled  out 


as  a  routine  procedure  because  it  is  economically 
unviable.  Furthermore,  spectral  loss  measurements 
employing  the  alternative  single-turn  test  per¬ 
formed  on  both  matched  and  depressed  cladding 
fibres  led  us  to  believe  that  the  test  is  unreli¬ 
able  for  two  reasons:  firstly,  substantial  oscil- 
ations  observed  in  the  spectral  bend  loss  curve 
at  1550nm  for  some  matched  cladding  fibres  indi¬ 
cate  that  up  to  7dB  difference  in  results  can 
be  obtained  if  narrow  line  width  lasers  with 
slightly  different  centre  wavelengths  were  used. 
Secondly,  we  discovered  that  the  mapping  relation 
(based  on  pure  bend  loss  theory)  that  allows  an 
equivalent  single-turn,  smal 1 -di ameter  bend  test 
to  be  constructed  as  a  simplified  alternative 
to  the  multiple-turn  large  diameter  specification 
is  not  valid  for  some  depressed  cladding  fibres 
due  to  the  appearance  of  an  unexpected  spectral 
loss  feature  at  the  1550nm  window  at  large  bend 
diameters.  Its  magnitude  and  threshold  wavelength 
is  a  function  of  bend  diameter.  Thus,  a  practical 
method  for  ensuring  satisfactory  macrobend  per¬ 
formance  at  1550nm  for  1300nm  optimized  single 
mode  fibres  is  required. 

We  will  describe  a  method  for  predicting  the 
macrobend  loss  of  matched  cladding  fibres  at 
1550nm  based  on  the  individually  measured  mode 
field  diameter  at  1300nm  and  the  effective  2  metre 
cut-off  wavelength.  Our  measurements  were  per¬ 
formed  independently  of  a  very  recent  CCITT  cont¬ 
ribution  .  This  paper  confirms  those  results 
and  provides  a  theoretical  foundation  for  the 
measured  bend  losses.  Further  analysis  led  us 

to  propose  the  ratio  of  MFD  to  cut-off  wavelength 
as  a  new  parameter  for  characterising  the  macro¬ 
bend  loss  of  single  mode  fibres.  We  designate 
this  ratio  as  the  fibre's  MAC  number.  We  show 

by  simple  arguments,  that  it  is  related  to  a 
newly-defined  normalized  spot  size  of  the  fibre, 
an  important  parameter  used  for  the  character¬ 
isation  of  macrob|n|li  ng  performance  of  single 
mode  optical  fibres  '  .  Spectral  loss  measurements 
on  both  depressed  and  matched  cladding  fibres 
will  also  be  presented  to  highlight  some  unusual 
wavelength-dependent  features  at  bend  diameters 
of  interest. 

2 .  DESCRIPTION  OF  THE  METHOD 

Several  recent  papers  on  macrobend  loss  measure¬ 
ments  have  described  the  MFD  as  beinq  the  prim^ 
ary  variable  affecting  attenuation  increase  '  . 
However,  extensive  computations  on  various  types 
of  single  mode  fibre  designs  have  strongly  indi- 
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cated  that  the  MFD  normalized  with  respect  to  the 
core  diameter  of  the  fibre  is  a  primary  indicator 
of  bend  losses7.  In  practice,  the  core  diameter 
is  not  measured  on  each  fibre.  Instead,  it  can 
be  deduced  from  the  2  metre  cut-off  wave  length 
measurements  if  the  delta  of  the  refractive  index 
profile  is  available  and  the  relationship  between 
the  theoretical  and  effective  cut-off  wavelength 
is  known,  for  matched  cladding  single  mode  fibres 
the  former  is  optimized  at  0.3%.  Variations 
can  be  detected  from  preform  measurements.  In 
the  latter,  the  relation  is  linear  and  a  ratio 
of  1.15  was  frequently  quoted8. 

We  have  derived  a  composite  design  chart  from 
computations  on  an  equivalent-step-index  (£51) 
fibre  with  a  nominal  refractive  index  delta  of 
0.30%  and  core  diameter  of  8.8  microns.  Figure 
1  shows  the  equi-bend  loss  curves  with  the  MFO 
(Petermann  II  definition)  and  theoretical  cut¬ 
off  wavelength  as  the  axes.  For  each  delta, 
the  cut-off  wavelength  is  varied  by  changing 
the  core  diameter  via  the  well-known  normalized 
cut-off  frequency  parameter,  Vc9.  For  an  equiva¬ 
lent  step  index  fibre  we  can  write: 

Xc  =  2  ran^  /FT/Vc  (i) 

where  \c  -  theoretical  cut-off  wavelength 

2a  -  core  diameter 

nC4  -  cladding  refractive  index  =  1.447 

Vc  -  normalized  cutoff  frequency  =  2.405 

A  -  delta  =  0.3% 

Thus,  by  keeping  a  constant,  we  can  change  the 
core  diameter  through  \c  .  A  family  of  curves 
is  obtained  if  we  repeat  the  process  for  each 
A-  The  variation  of  A  about  the  nominal  was 

chosen  to  reflect  small  changes  due  to  production 
tolerances  on  the  refractive  index  profile. 
The  bend  loss  at  1550nm  over  50  turns  with  a 
bending  diameter  of  60  mm  have  been  calculated 
from  the  pure  bend  loss  formula  of  Kuester  and 
Chang10  .  The  zero  dispersion  wavelengths  were 
also  calculated  and  included  in  Figure  1,  using 
a  computer  program  which  incorporates  Kobayashi's 
sellmeire  coefficients  1 1  .  Interpolation  was 
employed  to  deduce  material  dispersion  for  arbi¬ 
trarily  chosen  values  of  a  • 


Figure  I  :  Kqui -bend  loss  and  oqui -zorn  dispersion  wavelength 
lines  for  an  ESI  fibre.  Bend  loss  calculated  at 


The  significance  displayed  in  Figure  1  is  that 
due  to  strong  influences  in  A,  a  fibre  character¬ 
ised  by  a  large  MFD  and  simultaneously  long  cut¬ 
off  wavelength  can  shew  the  same  bend  loss  as 
another  fibre  with  a  smaller  MFD  and  shorter 
cut-off.  This  observation  led  us  to  believe 
that  the  simple  ratio  of  MFD  over  the  cut-off 
could  yield  a  dimensionless  quantity  needed  for 
assessing  the  bend  loss  susceptibility  of  single 
mode  fibres.  For  convenience,  we  designate  this 
ratio  as  the  fibre's  MAC  number.  Table  1  shows 
the  variation  of  this  quantity  at  points  A  and 
B  in  Figure  1  for  a  number  of  equi-bend  loss 
curves.  The  variation  in  MAC  numbers  is  suffic¬ 
iently  small  between  A  and  B  compared  to  the 
variation  between  equi-bend  loss  lines  so  that 
differences  in  the  MAC  number  can  be  correlated 
with  the  bend  loss  measurements.  By  taking  the 
ratio  of  MFD  over  cut-off,  we  have  effectively 
calculated  the  slope  of  the  straight  line  connect¬ 
ing  the  equi-bend  loss  curves  to  an  imaginary 
origin.  However,  because  we  are  only  working 
around  a  very  small  portion  of  the  MFD-cut-off 
plane,  each  curve  effectively  becomes  a  point 
so  that  differences  in  the  slope  between  two 
closely  spaced  points  along  the  curve  tends  to 
zero. 

Table  1:  Characteristics  of  the  theoretical 

MAC  number  for  the  calculated  bend 
loss  at  1550nm;  50  turns;  60  mm 

diameter . 


MAC  Number* 

BEND  LOSS 

POINT  A 

POINT  8 

1.0 

8.21 

8.18 

0.5 

8.04 

8.04 

0.1 

7.75 

7.74 

0.02 

7.42 

7.45 

*Points  A  and  B  lie  on  the  equi-bend  loss  curves 
at  the  limits  of  zero  dispersion  wavelength  ident¬ 
ified  by  1300  and  1320  nm  respectively. 

It  can  be  shown  simply  from  eq .  (1)  that  the 

MAC  number  is  related  to  the  normalized  mode 
field  diameter  in  the  form: 

MAC  number  =  6.81K  (MFD/2a)  (2) 

where  K  denotes  the  ratio  of  theoretical  cut¬ 
off  wavelength  to  the  effective  2  metre  cut¬ 
off  and  2a  is  the  core  diameter  of  the  ESI  fibre. 
The  ratio  of  the  MFD  over  the  core  diameter  is 
an  indicator  of  mode  field  confinement.  Various 
definitions  of  MFD  appear  in  the  macrobend  and 
microbend  loss  formulae  but  at  1300nm,  their 
differences  are  small  for  fibres  with  cut-off 
wavelengths  close  to  1300nm.  Corrections  can 
be  made  from  measured  data.  A  fibre  in  which 
light  is  tightly  confined  to  the  core,  that  is, 
one  identified  with  a  small  normalized  MFD  or 
a  small  MAC  number  would  be  expected  to  be  least 
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susceptible  to  bending-induced  losses. 

3.  MULTIPLE-TURN  MANDREL  WRAP 

BEND  LOSS  MEASUREMENTS 

As  a  consequence  of  the  theoretical  results  in 
Table  1,  we  have  carried  out  mandrel  wrap  bend 
tests  on  75  samples  of  matched  cladding  UV-acry- 
late  single  mode  fibres  with  an  overall  diameter 
of  250  microns.  The  sample  length  is  20  metres 
and  the  fibres  were  hand  wound  with  near  zero 
tension  and  twist  on  a  smooth  PVC  pipe  of  60.3 
mm  diameter.  Double-sided  tape  is  used  to  hold 
the  fibre  in  place.  The  laser  has  a  line  width 
of  4nm  and  the  centre  wavelength  is  1562nm. 
The  excess  loss  due  to  bending  is  indicated  by 
the  readout  from  a  power  meter  with  reference 
and  averaging  facilities.  The  total  system  drift 
is  less  and  0.02dB  over  the  period  of  measurement. 
The  repeatability  between  measurements  is  better 
than  0.05dB.  Residue  twist  and  imperfect  windings 
are  main  factors  affecting  measurements.  The 
fibres  were  connected  to  the  measurement  system 
via  V-grooves.  No  change  in  received  power  was 
observed  when  a  60mm  diameter  loop  was  inserted 
2  metres  from  the  source  V-groove  indicating 
that  mode  stripping  is  complete.  All  measurements 
were  carried  out  at  a  controlled  temperature 
of  20  ±  2°C. 

The  results  have  been  presented  in  exactly  the 
same  format  as  the  theoretical  construction  depict¬ 
ed  in  figure  1  so  that  a  comparison  can  be  made. 
An  equi-bend  loss  curve  with  a  MAC  number  of 
8.6  is  fitted  to  the  scattergram  in  Figure  2 
to  identify  fibres  having  bend  losses  of  O.ldB 
at  1550nm  over  50  turns  with  a  mandrel  diameter 
of  60mm.  If  we  define  the  corresponding  MAC 
number  as  its  cut-off  value,  then  Figure  3  confirms 
that  it  is  equal  to  8.5.  If  sufficient  samples 
with  MAC  numbers  greater  than  9.2  are  measured, 
curve  fitting  techniques  can  be  employed  to  deduce 
an  empirical  formula  between  the  bend  loss  and 
MAC  number.  Good  agreement  with  the  cut-off 

MAC  number  is  obtained  if  the  K  factor  in  equation 
(2)  is  set  to  1.1  and  corrections  are  made  to 

the  measured  mode  field  to  account  for  the  slight 
(■fif3%)  differences  between  the  Petermann  II  and 
Gaussian  mode  field  diameters.  These  adjustments 
to  the  theoretical  MAC  number  returns  a  value 

of  8.7  and  have  been  superimposed  on  the  measured 
datain  Figure  2. 

Figures  2  and  3  indicate  that  for  a  fibre  to  meet 
the  tighter  CCITT  bend  loss  specification  of 

0.5dB  and  bending  diameter  of  60mm,  its  MAC  number 
must  not  exceed  9.2.  This  result  will  exclude 
fibres  on  the  top  left  hand  corner  in  Figure  2. 


F i gut o  Measured  be: id  1-jss  for  rtvat  •"bed  c  loading 
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Figure  3  :  Macrobond  loss  of  matched  cladding  fibres  plotted  as 
a  function  of  the  MAC  number  of  each  fibre. 
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For  the  MAC  number  to  be  used  as  a  reliable  guide 
for  screening  fibres,  an  indication  of  its  reli¬ 
ability  is  required.  Measurement  reproducibilities 
on  the  MFD  and  cut-off  wavelength  are  typically 
0.1  micron  and  20nm  respectively.  For  CCITT 
specified  1300nm  optimized  single  mode  fibres, 
the  MAC  numbers  lie  in  the  range  7.22  ±  0.20 
to  9.73  +  0.27.  Thus,  allowing  for  a  sufficient 
margin  to  cover  measurement  reproducibility  and 
various  definitions  of  MFD,  a  MAC  number  not 
exceeding  8.0  is  a  convenient  rule-of-thumb  for 
selecting  bend  insensitive  fibres.  For  fibre 
manufacturers,  a  figure  of  8.5  can  be  used  to 
define  the  allowed  ranges  of  MFD  and  cut-off 
wavelength  for  enhanced  bend  resistant  non-disper¬ 
sion  shifted  fibres. 

This  scheme  can  be  generalized  to  cover  all  single 
mode  fibres  obeying  the  pure  bend  loss  theory. 
For  example,  depressed  cladding  fibres  have  an 
average  MAC  number  of  7.2  compared  to  8.2  for 
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These  measurements  confirm  recent  published  reports 
that  for  bend  diameters  greater  than  50mm,  depress¬ 
ed  cladding  fibres  can  have  higher  excess  bend 

losses  than  matched  cladding  fibres'*  .  Knowledge 
of  the  behaviour  of  the  mode  field  is  required 

to  fully  understand  the  phenomenon.  Computer- 

aided  modelling  based  on  the  tipped  profile  model 
has  led  Reed  to  believe  that  the  relevant  parameter 
is  the  power  in  a  mode  at  some  critical  bend 

radius1?  Extensive  parametric  studies  have  been 
carried  out  to  understand  the  phenomenon15. 


5.  SINGLE  TURN  BEND  LOSS  MEASUREMENT 


The  single-turn,  smal 1 -di ameter  bend  test  is  a 
CC ITT  G652  recommended  simplified  alternative 
to  the  multiple-turns  mandrel  wrap  test  for  assess¬ 
ing  bend  performance  at  1550nm.  To  obtain  a 
spectral  signature  of  the  loss,  the  same  spectral 
loss  set-up  was  employed.  Measurements  were 
performed  on  short  2-metre  samples  of  matched 
and  depressed  cladding  fibres.  Figure  7  shows 
the  excess  bend  loss  of  the  same  depressed  clad¬ 
ding  fibre  used  in  section  4  for  a  bending  dia¬ 
meter  of  20mm.  No  unusual  feature  is  present 
that  could  lead  one  to  predict  the  excess  loss 
shown  in  Figure  4  for  the  multiple-turns  mandrel 
wrap  test  at  a  bend  diameter  of  60mm. 


Fj g~.tr 7;  Son*-  drprcssfd  claddit:?  fibre  a--  F'ia.  4  -  f 
Typ  1  c  a  1  ct  :rvt>  a  t  sma  1 1  U  nd  d  ;  arv-  *.  «-•  rs 


A  matched  cladding  fibre  with  an  MFD  of  10.5 
microns  and  cut-off  wavelength  of  1180nm  was 
measured  under  the  same  conditions.  Figure  8 
shows  the  appearance  of  large  resonant  peaks 
and  troughs  at  the  1550nm  window.  These  features 
appearing  on  top  of  the  exponentially  increasing 
pure  bend  loss  curve  is  commonly  referred  to 
as  transition  losses.  A  difference  of  7dB  in 
excess  loss  can  be  obtained  if  lasers  with  slightly 
different  centre  wavelengths  in  the  range  1520- 
1570nm  were  used.  Harris  and  Castle  attributed 
the  dips  in  the  total  bend  loss  to  snychronous 
coupling  between  the  fundamental  mode  and  the 
leaky  whispering  gallery  mode  and  that  the  peaks 
are  caused  by  asynchronous  coupling '*  .  As  such, 
the  asymptotic  value  of  the  peaks  should  aciree 


with  the  pure  bend  loss  theory.  Preliminary 
experiments  suggest  that  the  refractive  index 
of  the  primary  coated  cladding  mode  stripper 
is  an  important  parameter  in  limiting  the  magni¬ 
tude  of  these  transition  losses. 


»  jt-.jvjto  dt  dTtejli  tV'p-J  .uarr-r  . 


These  results  are  timely  because  it  is  the  first 
such  reported  study  which  suggests  that  the  simpli¬ 
fied  single-turn  single-wavelength  bend  test 
may  not  be  a  reliable  method  for  routine  testing 
of  either  matched  or  depressed  cladding  single 
mode  fibres.  An  alternative  is  to  employ  a  com¬ 
puter  fit  to  the  spectral  loss  data  obtained 
from  cut-off  wavelength  measurements  with  the 
60mm  loop  replaced  by  a  smaller  diameter  in  the 
range  20  -  30mm. 


6.  CONCLUSION 


We  have  established  that  the  ratio  of  MFD  measured 
at  1300nm  over  the  2  metre  cut-off  wavelength 
(MAC  number)  is  a  reliable  indicator  of  the  macro¬ 
bend  loss  susceptibility  of  single  mode  fibres 
at  1550nm.  Our  measurements  showed  that  fibres 
should  have  a  MAC  number  less  than  8.5  to  ensure 
a  bend  loss  of  less  than  O.ldB  over  50  turns 
on  a  60mm  diameter  mandrel.  If  sufficiently 
large  samples  are  taken,  this  method  can  be  used 
to  screen  fibres  for  bend  loss  with  a  high  level 
of  confidence.  The  MAC  number  scheme  can  also 
find  applications  in  quality  control.  For  example, 
poorly  coated  sinale  mode  fibres  are  known  to 
be  susceptible  to  microbending  losses.  The  coat¬ 
ing  will  attenuate  the  LPii  mode  and  thus  shorten 

the  cut-off  wavelength  with  a  correspond i nq  in¬ 
crease  in  the  MAC  number.  Thus,  a  scheme  employed 
to  screen  macrobend  loss  susceptibility  could 
at  the  same  time  eliminate  those  '*i  ?s  which 
are  prone  to  microbendina  losses.  Th._  1AC  number 
should  be  of  assistance  to  fibre  users  for  specify¬ 
ing  the  combination  of  MFD  and  cut-off  wavelength 
required  to  meet  a  specified  bend  loss.  These 
results  can  be  generalized  to  apply  to  all  sinale 
mode  fibres  obeyina  the  pure  bend  loss  theory. 
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Abstract 


The  fundamental  mode  in  single  mode 
fibres  is  sensitive  to  bends  especially 
at  long  wavelengths,  where  a  large  part 
I  of  the  power  is  carried  in  the  cladding 

outside  the  core.  The  behaviour  of  the 
fundamental  mode  at  these  wavelengths  may 
be  difficult  to  study  but  can  be 
simulated  by  the  next  higher  order  mode 
near  its  cut-off  wavelength.  The  paper 
discusses  shortly  the  theoretical 
justification  of  this  idea  and  gives  some 
experimental  results  on  the  correlation 
between  the  spectral  behaviour  of  the 
LPll-mode  near  cut-off  and  the  loss  of 
the  fundamental  mode  at  long  wavelengths. 
Some  applications  of  such  LPll-mode 
studies  are  proposed. 

I 

Introduction 

The  intrinsic  attenuation  of  standard 
single  mode  fibres  of  today  is  very  low, 
0.3  0  -  0.4  0  dB/km  at  1300  nm  and  even 
0.16  -  0.25  dB/km  at  1550  nm.  In  order  to 
maintain  this  low  attenuation  in  when  the 
fibre  is  cabled,  the  cable  must  be 
carefully  designed.  Further,  the  cable 
must  also  maintain  its  low  loss  in 
different  installation  situations,  thus 
the  cables  are  often  tightly  specified  as 
far  as  mechanical  and  environmental  tests 
are  concerned.  Consequently,  in  the 
cabling  process  and  in  such  tests,  only  a 
very  low  additional  loss  is  permitted, 
usually  of  the  order  of  0.01  -  0.1  dB/km. 
It  is  thus  very  important  to  use 
extremely  sensitive  methods,  when 
experimentally  studying  or  optimizing 
cable  constructions. 

The  physical  process  that  can  cause 
additional  loss  in  fibres  in  cables  is 
bending.  There  are  two  types  of  fibre 
bending  situations,  microbending  and 
macrobending.  Single  mode  fibres  are 
sensitive  to  both  types  of  bendings, 
however,  the  wavelength  behaviour  is 
slightly  different  for  the  two  bendings. 


It  is  not  always  easy  to  identify  which 
bending  type  that  is  present  in  a 
practical  situation.  On  the  contrary,  a 
clear  distinction  between  them  is  easy 
to  do  theoretically  (see  theory  below) . 

Fibres  themselves  have  been  extensively 
tested  for  macrobend  sensitivity,  ref  1. 
The  sensitivity  of  these  measurements 
were,  however,  limited  to  0.1  -  10  dB/m, 
which  does  not  meet  the  demand  from  the 
cable  mechanical  and  environmental  tests. 
The  situation  is  similar  for  microbend 
tests . 

In  a  practical  situation  the  two  bending 
types  may  be  present  simultaneously. 
Normally,  though,  one  of  them  dominates 
and  it  is  important  to  analyse  the  fibre 
bending  situation  in  the  cable  in  order 
to  choose  and  optimize  the  appropiate 
cable  construction.  In  order  to  clearly 
attribute  an  added  cabling  loss  in  a 
certain  situation  to  one  of  the  two 
bending  types,  accurate  measurements  have 
to  be  performed  on  the  cables  over  a  wide 
wavelength  region.  If  only  the 
fundamental  mode  of  the  fibre  is  studied 
in  these  test,  very  long  cable  lengths 
are  necessary.  Such  tests  are  expensive 
and  -  in  temperature  cycling  tests  -  time 
consuming.  There  is  thus  a  need  for 
sensitive  tests,  which  can  be  used  on 
short  cables.  Further,  there  is  a  need 
for  a  test  on  the  tolerance  before  an 
attenuation  increase  starts  in  a 
manufactured  cable. 

In  this  paper,  studies  of  the  next  order 
higher  mode,  the  LPll-mode,  are  suggested 
for  cable  and  fibre  bending  tests.  First, 
fibre  properties  are  discussed  end  a 
short  theoretical  introduction  is  given. 
In  the  major  part  of  the  paper, 
experimental  evidence  is  given  to  the 
correlation  between  the  LPll-mode 
attenuation  near  the  mode  cut-off 
wavelength  and  the  LPOl-mode  (the 
fundamental  mode)  at  long  wavelengths. 
Finally,  the  method  is  discussed  with  the 
reported  experimental  results  as  a 
background  and  possible  further 
applications  are  indicated. 
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Theory 


Macrobends 


Standard  single  mode  fibres  usually  have 
effective  cut-off  wavelengths  around 
1200  nm.  The  theoretical  cut-off  wave¬ 
lengths  are  somewhat  higher.  The  fibres 
are  thus  bimodal  in  easily  accessible 
wavelength  regions.  The  fundamental  mode, 
i  e  the  LPOl-mode,  is  of  course  the 
interesting  mode  from  the  system  point  of 
view.  However,  in  bent  fibres,  the 
attenuation  of  the  fundamental  mode,  a0x, 
increases  rather  slowly  versus  the  wave¬ 
length.  It  is  thus  necessary  to  use  long 
fibres  or  long  wavelengths  for  fibre 
bending  studies.  On  the  other  hand,  the 
attenuation  of  the  next  higher  order 
mode,  (the  LPll-mode)  ,  oxx,  increases 
rapidly  to  extremely  high  values  as  the 
wavelength  increases  towards  the  cut-off 
wave length  of  the  mode.  The  additional 
loss  from  macro-  and  microbends  also  give 
quite  large  and  clear  changes  in  the  Oxx 
spectral  behaviour  near  the  cut-off  wave¬ 
length.  In  the  following  the  LPll-mode 
behaviour  will  be  discussed. 


a^x  measurements 

axx  is  measured  by  a  special  spectral 
measurement.  In  this  test  the  fibre 
launch  end  is  overfilled  and  a  compa¬ 
rison  is  done  of  the  transmitted  power 
before,  Ptot'  and  after,  P0,  inserting  a 
LPll-mode  blocking  filter,  fig  1.  If  P0x 
and  Pxx  are  the  power  in  the  LP01  mode 
and  the  LPll  mode,  respectively,  launched 
in  the  fibre,  we  get 

Ptot=p01’l0"a01'L/10+pll-l°"ail’L/10  (1) 

P0  =P01-10“a0:l'L/10  (2) 

rearranging,  we  get 

«11-®01-1°< log<2  *P<»  -log(Ptot-Po) )/L  (3) 

where  we  have  assumed  that  Pix=2*Poi- 
(There  are  four  LPll-modes  and  only  two 
LP01 -modes. ) 

A  convenient  type  of  diagram  that  will  be 
used  through  out  the  paper  is  the 
log(a01)  and/or  log(axx)  vs  wavelength 
plot.  Far  from  cut-off  “oi”01!!'  thus 
all~a01  is  very  small,  but  closer  to 
cut-off  axx  increases  by  several  orders 
of  magnitude,  reaching  by  definition 
22  dB/m  at  the  so  called  effective  cut¬ 
off.  As  aoi  is  negligible  in  comparison 
to  axx  region  of  interest,  in  the 

following  Oxi  will  be  used  instead  of  the 
correct  axi-aox- 


A  macrobend  situation  occurs,  when  the 
additional  loss  is  mostly  pure  bend  loss. 
In  bent  fibres  all  modes  are  leaky  and 
pure  bend  loss  is  thus  really  the  mode 
attenuation  due  to  leakage.  This  leakage 
occurs  because  the  phase  velocity  of  a 
mode  wavefront  in  a  bent  fibre  has  to 
increase  linearly  with  the  distance  from 
the  bend  center.  Sooner  or  later  the 
phase  velocity  will  reach  the  speed  of 
light  in  the  cladding  and  beyond  that 
point  the  mode  will  consist  of  a 
radiative  part.  Marcuse  (ref  2)  has  given 
formulae  for  the  additional  macrobend 
loss,  which  can  be  written  approximately 

4o01(R)=A0‘  (v0*R)-!s*exp(-B"X2«v03*R)  (4) 

^ail(R)=Ax*  (Vi3*R)-!s-exp(-B-  X2*Vx3-R)  (5) 

where  R  is  the  bend  radius,  Vq  and  vx  are 
the  radial  decay  parameters  for  the  LP01 
and  LPll  modes  respectively,  A0  and  B  are 
constants  and  Ax  is  a  slowly  varying 
parameter.  When  the  wavelength  increases 
towards  infinity,  vq  decreases  towards 
zero  giving  an  slowly  increasing  LP01 
attenuation  mainly  due  to  the  exponential 
factor.  The  LPll-mode  loss  is  of  a 
similar  form  to  that  of  the  LPOl-mode. 
However,  vx  decreases  to  zero  when  the 
wavelength  approaches  the  theoretical 
cut-off  wavelength  of  the  LPll-mode.  As 
Ax  is  only  slowly  varying  with  the 
wavelength,  it  can  be  regarded  as  a 
constant.  Thus  we  get  an  extremely  rapid 
change  of  A  an,  which  is  several  orders 
of  magnitude.  Also  for  A  orxi  the 
exponential  factor  dominates  the 
wavelength  behaviour.  Thus  for  different 
R,  the  a  axx  (  ^  ) -curve  is  shifted  in 
wavelength,  such  that 

ji2  •  v i 3  •  R  =  constant  (6) 

as  can  also  be  seen  in  fig: s  2  and  3. 
However,  in  the  region  of  interest, 
varies  only  by  ±  10  %  and  can  thus  be 
considered  almost  as  a  constant  in 
comparison  to  Vx-  Thus  by  studying  the 
Aaix(  -curve  near  the  LPll  cut-off 
wavelength  for  a  fibre  in  a  cable,  we 
may  obtain  the  bending  radius  R,  and  be 
able  to  predict  Aagx  at  long  wavelengths. 


International  Wire  &  Cable  Symposium  Proceedings  1988  711 


Microbends 

Microbends  occur  when  the  bends  are  small 
but  sharp,  many  and  lying  rather  close. 
Microbends  are  thought  to  be  induced  by  a 
disturbance  of  the  fibre.  Such  a 
disturbance  is  often  random  and  may  be 
external,  e.g.  due  to  pressure  against  a 
non-smooth  surface,  or  internal,  e.g. 
tension  in  the  fibre  glass.  Microbends 
are  characterized  as  being  a  mode 
coupling  situation  in  contrast  to 
macrobends,  where  the  loss  is  due  to 
leaky  modes.  The  mode  coupling  occurs 
from  the  guided  mode,  which  can  be  the 
LP01-  or  the  LPll-mode,  to  modes  in  the 
cladding.  As  these  modes  are  highly 
lossy,  they  can  be  regarded  as  radiative 
modes.  For  mathematical  simplicity  they 
can  be  grouped  together  into  a 
"quasimode" ,  ref  3,  with  a  propagation 
constant  0r.  If  the  guided  mode  has  a 
propagation  constant  0g,  the  microbend 
loss  will  be  determined  by  the 
disturbance  spatial  power  spectrum  at 
Pg-0r,  ref  4.  If,  further,  the 
disturbance  is  thought  to  have  a  gaussian 
autocorrelation  behaviour,  we  can  write 
approximately 


A«01=c0,ff! 

• Lc • exp { - ( D ( v0 !  -vr!  )LC)J  } 

(7) 

Aan=crai 

•Lc-expf-fDtVj/  -vrJ  )LC)!  } 

(8) 

where  C0 , 

C;l  and  D  are  constants. 

a  is 

the  disturbance  RMS-mean  deviation  value 
and  Lc  its  correlation  length.  As  usual, 
by  definition  (see  e.g.  ref  5) 

v1 =  (0’ -k! • n2! ) -a'  (9) 

where  v  stands  for  v0,  v^  or  vr,  0  for 
0O,  0!  (i.e.  0 g )  or  0r,  k=2r/x  ,  n2  the 
refractive  index  of  the  cladding  and  a 
the  core  radius.  (As  0r  must  be  smaller 
than  k-n2,  vr!  will  be  a  negative  quan¬ 
tity  and  (v1  -vr!  )  will  be  positive  for 
a  1 1  v . ) 


Thus,  also  for  microbending,  the  LP01  and 
the  LP11  additional  loss  behaviour  are 
similar  to  each  other.  However,  in  this 
case,  Lp  is  small,  perhaps  a  few  tenths 
of  a  millimeter,  while  in  the  case  of 
macro-bending  R  is  large,  several  tens  of 
millimeters.  The  non-zero  value  of  vr  and 
the  small  Lc-value  allow  V;l  to  increase 
to  much  higher  values,  i.e.  to  lower 
wavelengths  before  the  exponential 
factor  and  thus  Aan  have  decreased  very 
much.  Thus  microbends  give  a  much  less 
rapid  change  in  the  versus  wave¬ 

length  diagram  than  macrobending.  Macro- 
and  microbending  can  thus  be  easily 
distinguished  from  each  other  from  the 
behaviour  of  a^.  The  type  of  bending 
that  is  present  in  a  cable  could  thus  be 
easily  inferred  from 


Practical  situations 

In  practice  both  types  of  bends  are 
likely  to  be  present  simultaneously.  The 
two  types  of  bending  should  not  influence 
each  other  and  thus  the  total  loss  should 
simply  be  the  sum  of  the  two  bending 
losses . 


Experimental  results 

The  attenuation  of  the  LP11  mode  near 
cut-off  has  been  studied  and  related  to 
the  LP01  loss  at  long  wavelengths  in  a 
number  of  cases  including 

-  macrobend  test,  different  diameters 

-  microbend  test,  different  sandpapers 

-  cabling  process 

-  cable  temperature  cycling 

In  all  these  tests,  12  OVD-fibres  of  the 
matched  cladding  type  and  12  MCVD-fibres 
with  a  slightly  depressed  cladding  were 
studied.  The  fibres  were  carefully  chosen 
to  show  different  macro-  and/or  microbend 
sensitivities.  The  cable  studied  was  a 
filled  loose  tube  construction  with  four 
coloured  fibres  in  each  of  six  tubes.  The 
tubes  were  helically  placed  in  petroleum 
jelly  filled  slots  in  the  central 
strength  member.  The  cable  was  finally 
sheathed  with  polyethylene. 

Measurement  results  of  all  four  cases 
will  be  reported  below  for  one  fibre 
(fibre  A)  in  the  cable,  in  addition,  for 
another  fibre  (fibre  B) ,  only  cable 
measurements  will  be  given. 


I 
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Fibre  attenuation  measurement  procedure 

The  attenuation  of  the  LPOl-mode  was 
obtained  by  the  standard  cut-back  method 
procedure  with  a  2  m  length  of  the  fibre 
as  reference  including  one  loop  of  280  mm 
in  diameter  (or  smaller  if  the  fibre 
had  a  long  cut-off  wavelength)  .  The 
attenuation  of  the  LPll-mode  of  the 
fibres  was  obtained  by  the  special 
spectral  measurement  (see  theory) .  The 
spectral  scans  were  taken  between  800  nm 
and  1700  nm  in  steps  of  10  nm. 

Typical  transmission  scans  of  one  fibre 
are  shown  in  fig  1.  a01  is  evaluated  from 
the  scans  1  and  3  and  from  the  scans 

1  and  2  by  the  formula  (3).  The  results 
are  presentated  in  log  a  versus  ^ 
diagrams.  Near  cut-off,  for  a  typical 
fibre,  log  alx  is  almost  linear  in  X  , 
which  was  also  predicted  in  fig  2.  Thus, 
log  an  can  be  well  represented  by  a 
straight  line 


log  axl  =  AX1  +  B1X  (  ~  Aceff)  (10) 

where  if  is  given  in  dB/m,  the  slope 

of  the  line  i.e.  B-^  is  of  the  order  of 
40  jim-1  for  straight  or  macrobent  fibres 
and  about  5  /im"1  for  microbent  fibres, 
\;eff»  finally,  is  the  effective  cut-off 
wavelength  making  A11=log  22  by 
definition. 


Macrobend  tests 

All  fibres  were  subjected  to  macrobend 
tests  at  different  bend  diameters  between 
I  30  and  100  mm.  In  this  measurement,  fibre 

1  lengths  of  35  or  50  m  were  used, 

depending  on  the  bend  diameter.  Ojj  was 
obtained  by  the  special  spectral 

measurement  procedure  (the  relative  value 
was  obtained  by  using  in  formula  (3)  as  L 
the  bent  portion  of  the  fibre,  assuming 
that  a1:L  in  the  straight  parts  is 

»  negligible) .  Great  care  was  taken  in 

assuring  that  no  part  of  the  fibre  was 
unintentionally  bent  to  smaller  diameter 
than  280  mm.  The  bends  were  taken  up  on 
a  mandrel  in  such  a  way  that  first  half  a 
loop  of  the  proper  bend  diameter  was 
attached  to  the  mandrel.  Later  the 
subsequent  loops  were  wound  clockwise  and 
counter-clockwise,  respectively,  on  the 
mandrel  on  both  sides  of  the  first  half¬ 
loop,  fig  4.  In  order  to  get  good 

reliability,  rather  long  parts  of  the 
fibres,  up  to  25  or  40  m,  respectively, 
were  carefully  wound  on  the  mandrel. 


Typical  spectral  transmission  curves  look 
like  fig  5.  It  is  obvious  that  the  LPll- 
mode  is  much  more  bend  sensitive  than  the 
LPOl-mode.  In  fig  6  the  log  plots 

are  given.  A  number  of  observations  can 
be  done  from  these  plots.  The  fibre  in 
this  test  was  a  matched  cladding  fibre 
(fibre  A) .  Short  pieces  of  this  fibre,  2 
and  50  m  respectively,  gave  very  steep 
a^i-curves.  These  fibres  were  not  bent  to 
diameters  smaller  than  280  mm.  In  the 
macrobend  test  the  ctj^-curve  is  shifted 
to  shorter  wavelengths,  when  the  bend 
diameter  is  decreased.  This  effect  was 
predicted  in  fig  2  and  is  well  known 
from  cut-off  measurements.  This  knowledge 
of  the  bend  shift  are  used  below,  when 
the  spectral  behaviour  of  cabled 

fibres  is  analysed. 


Microbend  test 

All  fibres  in  the  cable  were  subjected  to 
a  standard  microbend  test.  In  this  test  a 
50  m  piece  of  the  fibre  was  used.  The 
fibre  was  placed  on  a  sandpaper,  usually 
type  P  180,  and  pressed  against  it  by 
glass  plates.  4  or  6  m  of  the  fibre  were 
then  subjected  to  a  pressure  from  the 
glass  plates  of  10  N/m.  was  again 

measured  by  the  special  spectral 
measurement  method.  When  calculating  the 
an  value,  only  the  length  of  fibre  under 
the  glass  plates  was  used  assuming  that 
the  loss  of  this  part  was  dominant. 

A  fibre  subjected  to  microbends  shows  a 
quite  different  behaviour  from  that 

of  a  fibre  under  macrobending,  fig  7.  The 
wavelength  dependence  is  less  steep  and 
the  sensitivity  of  the  LP11  mode  to 
microbends  is  only  one  order  of  magnitude 
higher  than  that  of  the  LPOl-mode.  As 
seen  in  fig  8  the  “j.l-curve  is  still 
approximately  a  straight  line  as  in 
formula  (10),  however,  the  slope,  i.e. 
B^i,  is  only  about  5  nm-1. 

An  example  of  microbends  can  also  be  seen 
in  fig  8,  where  the  a^-curve  for  the 
4  km  long  fibre  on  the  measurement  spool 
is  not  as  steep  as  expected.  It  is 
believed  that  this  effect  was  due  to 
raicrobending  on  the  spool,  at  least  for 
the  innermost  fibre  layers. 
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In  the  cable  process  test  the  fibre  loss 
was  measured  at  several  stages  for  a  10  m 
sample  and  for  the  complete  cable  length, 
about  1.7  km.  In  fig  9  a  large  shift  in 
the  aj^-curve  is  found  for  the  fibre 
after  the  first  process  step,  i.e.  after 
putting  the  fibre  in  a  filled  tube.  This 
is  understood  as  a  large  excess  length  of 
the  fibre,  buckling  it  to  bends  of 
diameter  about  50  mm.  During  the 
stranding  of  the  tubes,  they  were 
stretched  so  the  excess  lengths  of  the 
fibres  was  decreased  and  the  fibre  bend 
diameters  increased  to  about  130  mm.  The 
cable  stranding  should  give  the  fibres 
an  average  bend  diameter  of  165  mm,  when 
the  cable  is  straight,  thus  some  buckling 
excess  fibe  length  remains.  This  kind  of 
information  cannot  be  obtained  from  the 
aoi-curve ,  as  such  a  bend  diameter  does 
not  change  the  attenuation  of  the  LP01- 
mode  by  a  noticeble  amount  and  because  of 
the  different  fibre  bending  sensi¬ 
tivities.  The  final  sheathing  of  the 
cable  changes  the  aji-curve  only  very 
slightly  and  has  thus  not  given  any 
further  stretching  or  compression.  In  fig 
11  a  fibre,  B,  from  another  tube  is 
shown.  In  this  tube  the  fibres  were 
stretched  in  order  to  have  little  or 
negative  excess  lengths.  It  is  clearly 
shown  that  the  bending  diameter  in  the 
fibre  in  the  tube  is  no  smaller  than  in 
the  cable. 


Cable  temperature  test 

The  35  m  cable  sample  and  the  complete 
long  cable  were  subjected  to  a 
temperature  cycling  test  between  -  40°C 
and  +  70°C.  For  the  fibre  A,  which  had 
rather  large  excess  length  and  did  show  a 
small  a01  increase  at  -  40°C,  but  no 

change  at  +  70°C.  A  significant  macrobend 
type  shift  did  show  up  in  the  a^-curve, 
fig  10.  For  this  particular  fibre  even 
the  35  m  long  cable  sample  gave  the  same 
result.  This  result  indicates  thus  that 
temperature  cycling  tests  may  be  reliably 
performed  even  on  quite  short  cable 
lengths.  Fig  12  shows  fibre  B  in  the 
other  tube.  Due  to  the  fibre  deficiency 
in  the  tube,  the  highest  loss  occurs  at 
high  temperatures  and  the  a^-curves  have 
less  steep  slopes,  indicating  that  some 
microbending  is  present.  As  in  fig  10  it 
is  quite  evident  that  most  information 
can  be  obtained  from  the  short  cable 
length.  In  this  case  even  the  high 
temperature,  i.e.  +  70°C,  gave  a 

microbend  type  of  change  of  an-  The 
cause  for  this  is  unknown. 


It  has  been  demonstrated  that  in  single 
mode  fibres  the  LPll-mode  is  more 
sensitive  to  the  two  bending  types  than 
the  fundamental  LPOl-mode.  The  LPll-mode 
may  thus  be  used  for  probing  the  bending 
status  of  a  fibre,  even  if  only  a  short 
piece  of  it  is  present. 

Many  applications  of  the  LPll-mode  study 
method  can  be  envisioned.  Both  fibre  and 
cable  tests  are  possible  and  advan¬ 
tageous.  Among  the  fibre  tests  are 

macrobend  sensitivity  studies, 
especially  at  large  bending  diameters 
primary  coating  development 
measurement  spool  influence  on 
attenuation  studies 
fibre  splice  evaluation 
colouring  of  fibres 

Possible  cable  tests  are 

secondary  coating  development 
process  parameter  optimisation 
cable  mechanical  tests 
cable  temperature  test 
other  environmental  tests 
cable  installation  tests 
cable  imperfection  analysis 

LPll-mode  studies  are  especially 
efficient  in  identifying  which  of  the  two 
bending  types  that  dominates  in  a 
particular  situation.  They  are  further 
easy  to  perform  as  there  is  no  need  to 
cut-back  the  fibre.  The  necessary 
reference  is  obtained  from  the  fibre  with 
the  LPll-mode  blocking  filter. 


Conclusions 

Studies  of  the  next  higher  order  mode, 
the  LPll-mode,  in  standard  single  mode 
fibres,  has  been  proven  to  be  a  valuable 
tool  in  fibre  and  cable  attenuation 
change  investigations.  The  fibre  bend 
diameter  in  cables  is  possible  to 
evaluate,  even  on  quite  short  samples. 
Further,  e.g.  in  temperature  tests,  short 
fibres  or  cables  can  be  used.  On  long 
lengths  the  results  can  be  analysed  to 
greater  depths  than  with  the  usual  LPOl- 
mode  studies. 
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Fig  5 

Transmission  curves  for  a  50  m  long  fibre 
in  a  100  mm  diameter  macrobend  test  with 
different  lengths  of  the  bent  part  of  the 
fibre;  0  -  40  m,  curves  1,  3-7. 
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Fig  6 

Log  all  (upper  left  corner)  and  logAa01 
(lower  right  corner)  diagrams  of  a 
macrobend  test  with  different  bend 
diameters,  fibre  A. 
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Fig  7 

Transmission  curves  for  a  50  m  long  fibre 
in  a  P  180  sandpaper  microbend  test  with 
different  lengths,  0  -  6  m,  of  the  bent 
fibre. 
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Fig  8 

Log  an  and  log  £<*01  diagrams  of  a 
microbend  test  with  different  sandpapers, 
fibre  A. 
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Fig  9 

Log  <*n  and  log  a0i  diagrams  of  the 
steps  in  the  cable  process.  The 
manufactured  cable  was  1730  m  long,  in 
addition  a  10  m  cable  sample  was  also 
tested,  fibre  A.  For  the  loose  tube 
additional  loss  is  present  both  for  the 
LP01-  and  the  LPll-modes.  For  the  cable, 
however,  the  LPO 1-mode  shows  no  bend 
loss,  while  from  the  LPll-mode  the  fibre 
bend  diameter  can  be  inferred. 


Fig  10 

Log  an  and  log  <*qi>  diagrams  of  a 
temperature  cycling  test  of  a  1730  m  and 
a  35  m  cable  respectively,  fibre  A.  35  m 
of  the  cable  is  a  sufficiently  long 
sample  if  LPll-mode  is  observed. 
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MICROBENDING  EFFECTS  IN  SINGLE  MODE  Or T I CAL  CABLES 
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Abstract 

A  new  approach  for  calculating  the  loss  increa 
se  in  cabled  fibers  based  only  on  experimental 
ly  determined  fiber  and  cable  parameters  is 
presented. 

A  theoretical  model  for  predicting  the  loss  in 
crease  of  a  fiber  compressed  by  linear  pressu 
re  on  a  rough  surface  is  illustrated. 

A  dedicated  measurement  apparatus  for  charac 
terizing  surface  roughness  has  been  developed. 
The  prediction  of  the  loss  increase  based  on 
the  measured  roughness  spectrum  has  been  con 
firmed  by  experimental  tests  on  different  ty¬ 
pes  of  fibers  and  cables. 

The  application  of  this  method  in  cable  desj. 
gn  and  technology  for  reducing  cabled  fibers 
sensitivity  to  microbending  is  discussed. 

Further  application  in  the  field  of  loose  Ly 
pe  cable  design  and  fault  analysis  are  propo 
sed . 

Introduction 

In  the  last  years  the  intrinsic  attenuation  of 
siiica  fibers  has  reached  its  ultimate  limit. fin 
gle  mode  fibers  with  attenuation  lower  than 
0.2  db./kmat  1.55  pm  are  already  commercially 
available. 

In  this  situation  even  slight  loss  increases  due 
to  subsequent  fiber  handling  can  have  a  sigmfi 
cant  impact  on  optical  system  performances,  es¬ 
pecially  in  trunk  or  submarine  lines  where  re¬ 
peaterless  span  up  to  200  km  are  being  designed. 
Therefore  large  efforts  are  being  devoted  to  lm 
prove  cable  design  and  technology  with  the  ob¬ 
jective  of  reducing  all  the  possible  impairments 
of  fiber  attenuation  due  to  manufacturing,  instai 
lation  or  servicing  of  optical  cables. 

The  fiber  microbending  phenomenon  is  one  of  t r,e 
most  frequent  causes  of  loss  increase  in  op? i^al 
cables.  The  physics  of  this  phenomenon  is  r.j.iple 
tely  understood  but  no  rr’iab'p  i *  a’ i ve  da 

ta  are  available  at  present.  Up  i.n  r.-,w  ♦n*3  at¬ 
tempts  to  predict  loss  increases  in  single  mode 
fiber  due  to  microbending  by  applying  theoretical 


models  or  experimental  results  obtained  on  short 
fiber  lengths,  have  given  only  qualitative  indi¬ 
cations!  ’ d 

This  paper  will  present  a  new  approach  to  this 
problem  which  gives  very  reliable  predictions 
of  microbending  losses  of  cabled  optical  fibers. 
The  results  ol  this  work,  besides  giving  the  cn 
tena  to  reduce  called  fibers  sensitivity  to  ni- 
crobending,  can  have  significant  applications  in 
the  optimization  of  loose  ^ype  cable  design  and 
in  the  fault  analysis  of  manufactured  cables. 

Theoretical  model 

Fiber  m i c rob endings  are  generated  in  optical  ca¬ 
bles  when  the  fiber  is  compressed  k.y  ex  *-nal  me 
chan l cal  stresses  against  the  cable  materials. 

As  an  example  in  a  loose  tube  cable  with  .helical 
structure  subjected  to  axial  strain  the  f.ters 
are  compre  .-ed  against  the  tube  surface  as  soon 
as  the  cable  axial  strain  exceeds  the  fiwer  extr 
length . 

In  case  of  microbenoings ,  fiber  axis  curvature 
can  be  considered  a  random  variable  which  can  be 
~haracter ized  by  its  power  spectral  density,  who 
se  parameters  depend  on: 

at  Magnitude  of  the  compression  force 
bi  Geometrical  and  physical  characteristics  of 
cable  -aterials  and  fiber  coatings. 

M  ic  rob  endings  losses  ir.  single  mode  optical  fi¬ 
bers  are  due  ^o  the  coupling  of  the  fiber  foun- 
damental  m^ue  LPol  and  the  ni.gher  order  unguidei 
modes.  The  magnitude  of  this  coupling  loss  de¬ 
pends  on  the  fiber  characterise.. ics  and  on  the  p-.j 
w  ‘■•r  spectral  density  of  the  fiber  axis  curvatu.  e 
Following  Fe nermann  approximation  the  added  1  oss 
f  oi  a  single  mode  fiber  i:s^. 


{  >.  n.ujJ  i  }?  0(0,)  •  I 
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k 


w 

o 


0  (XL  ) 


equivalent  core  index 

space  wave  number 

spot-size  (Petermann  definition) 

power  spectral  density  of  fiber  axis 
cui vature 

2 

radian  frequency  -  1/  (kn  -X  j 

1  o 


This  expression  is  valid  for  any  type  of  single 

mode  fiber  as  the  only  parameter  ’"elated  to  the 

fiber  characteristics  is  the  spot-size.  However 

for  some  particular  classes  of  profile  'multiple- 

clad),  better  accuracy  can  e  obtained  using  in 

'I'  for  w  the  equivalent  mode  field  parameter 
o  p 
as  proposed  inT 

The  curvature  power  spectral  density  0  (Xi^j  of 
a  fiber  subjected  to  microbending  can  be  ealcu 
la  ted  by  modelling  it  as  a  thin  elastic  beam  com 
pressed  against,  a  rough  surface  ifig.l).  Assu¬ 
ming  elastic  deformations  of  trie  materials  and 
good  uniformity  of  the  coating,  0  (Xl.^,)  depends 
linearly  on  the  surface  roughness  power  spec¬ 
tral  density  p  'XL,'4. 

0/P(nf)-r  1  t  ~it?  n  -  n-t  j’b 

Oro,)= - l£l  ' 


i!  :  fiber  stiffness  =  E  •  J 

f  f 

E  :  fiber  Young  modulus 

:  fiber  moner.t  of  inertia 
:  :  ;  l  re- or  pressure 

O  :  r.m.s.  of  surface  ue forma r i'-ns  - 


p  (linear  pressure)  silica 


rig.l  -  Coated  fiber  f  reed  against  a  re jgh 
surface  and  its  section. 


Inserting  1 2 !  in  (1)  the  expression  of  loss  in¬ 
crease  X. <X  ( \)  is  ob  ta i ned  : 


o  v  (a  )•(  i  i 

A  CX  !  >,  j  - - *'  I- 1 


<i-i Jr  ■  )■( 


! ) 


■  cl  i 


For  most  practical  cases 


4  p4 


there 


fore 
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As  regard  the  roughness  characterist ics  of  the 
surfaces,  the  relevant  roughness  spectral  com¬ 
ponents  for  microtending  loss  calculation  are 
those  within  the  frequency  range  corresponding 
to  spatial  periods  of  O.b-s-2  mm. 

Power  spectra  measurements  of  surface  irregula¬ 
rities  were  performed  by  u*  ing  a  suitable  modi¬ 
fied  commercial  roughness  eter  having  vertical 
sensitivity  of  about  0.05  im  and  spatial  reso¬ 
lution  of  5  pm  (fig. 2).  With  this  apparatus  the 
profile  of  the  surface  irregularities  is  obtai¬ 
ned  by  moving,  at  constant  speed,  a  sharp  sty¬ 
lus  (2.5  i lm  radius),  kept  in  contact  with  the 
surface  itself  at  very  low  pressure. 

The  vertical  displacement  of  the  stylus  is 
t.rasformed  by  means  of  a  photoelect ric  rransau 
cer  in  an  electrical  signal  which  is  sampled 
and  digitized  by  a  high  speed  digital  /•) 2  tret  «-r. 
The  data  are  then  processed  by  a  per  son:  a  i  cor. 
pu ter  with  F.F.T.  algorithm. 


Fig. 2  -  Apparatus  for  roughness  power 
spectrum  measurement . 


Mu i  table  windowing  and  averaging  *  e^hniquer.  ze¬ 
ro  app  1  i od  i n  or.ie r  *•<  -.>r  \a i n  a  re  1  i at  1  e  d i a *. r i 
bu*  ion  of  fh*-  ower  density  spec*  r  .m  . rh*-  ir 
rcgu  1  ari bites.  Residua:  nos*-  component:"  wr-- 
filter'.*'!  \r.i  t  by  filing  the  da’ a  with  a  suit  ra¬ 
tio  analytical  <  xprossi  on.  In  par*  :  ,i  >r  a  b<  — 
rentziun  ’hree  :  -a rare •  sh;  f  *  -  i  ! .  s*  :*■ . :  :t  ,  :• 
wan  found  to  fit  r or roe  *.  ly  the  sp-*-  : ‘  rum.  ■  >:  *h«- 
a :  i  i  surf  a.-;  •  •  roughness. 


The  measurements  were  performed  on  surface  sample 
lengths  ol  100  mm  with  sampling  period  of  about 
25  pm.  In  these  conditions  the  noise  introduced 
by  the  high  and  low  frequency  components  in  the 
spatial  frequency  range  of  interest  was  minimi¬ 
zed.  The  results  obtained  show  a  good  nprodu- 
cibility  of  the  numerical  values  of  the  characte¬ 
ristic  para.. u-.-t  ers  of  the  spectrum  f  met  ion  fb). 

As  an  example  the  power  density  spectrum  obtained 
on  a  polypropylene  loose  *ut  e  sample  is  shown  in 
fig.  3.  In  fig. A  an  hys tog ram  of  the  numerical 
values  obtained  by  measuring  several  times  the 
same  sample  is  presented  for  the  parameter  p 
which  is  the  most  critical  from  the  point  of  view 
of  mi crobend i ng  loss  increase.  The  measurements 
did  also  show  that  the  roughness  of  the  filer 
coat ing  is  negligible  compared  with  those  of  ca¬ 
rl  '■  materials  at  least  for  the  frequency  range 
of  int ores’ . 


«  -  ■  i  1 1 w i  iv  m  'i  i  i  >zi  in  -  •  - 


1 1  m 


Fig.*.  -  Roighnes..:  power  sp-v'*t  rur  of  loos"  *  u:  c 
SI.  '5  h  •  :  i  :  — - I  .*  *  i  r.i; 


\"4H  j 


f.  *  -ir  .  ■ 


'  } 


n 
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As  all  the  materials  involved  in  microtendings 
phenomena  work  in  compression  state  with  small 
deformations,  their  elastic  characteristics  in 
these  conditions  were  fully  characterized  using 
a  T.M.A.  apparatus.  In  table  I  the  compression 
elastic  moduli  measured  for  some  of  the  mate¬ 
rials  used  in  optical  fiber  and  cable  manufae 
turing  are  presented. 

jjjSURFFICE  MRTERIRL  jiFIBER  CORTING;' 

|i  Type  E  EMPa]jj  Type  |e  [MPa]]! 

| !  3 M  I mp er  i  a  I  *  1  00  ; \  j  J I 

P  P  1000 

P  B  T  2000  1 

PEEK  j  3500  j 

Tab . I  -  Compress i on  elastic  moduli  for  surface 
materials  and  coatings. 


Microbending  tests  on  fibers 

Microbending  sensitivity  tests  on  optical  fi¬ 
bers  are  generally  carried  out  by  submitting 
a  short  length  of  fiber  {l-i-2  m)  to  a  compres¬ 
sion  force  between  two  plates  coated  with  sand 
paper.  With  this  technique,  in  order  to  obtain 
significant  loss  incr^a^es,  very  coarse  mate¬ 
rials  and  high  linear  pressures  have  to  be 
used.  In  these  conditions  the  deformations  indu 
ced  in  fiber  coatings  are  well  beyond  their  ela¬ 
stic  limit.  Therefore  these  tests  are  not  rcpre 
sent.ativc  of  the  real  situation  of  the  cabled 
fibers  and  mor  .-,.ver  cannot  been  used  for  an  ex¬ 
perimental  verification  of  microbending  loss 
calculations  as  this  model  is  based  on  the  hypo 
tesis  of  perfect  elastic  behaviour  of  the  mate¬ 
rials  involved. 

In  this  work  rnierobending  effects  on  optical  fi 
hers  were  characterized  by  using  an  expandable 
bobbin.  This  300  mm  diameter  metallic  bobbin, 
coat»d  with  the  special  rough  material  ( 3M  In- 

(S\ 

penal  PSA  -  grade  40  pm),  has  been  specifi¬ 
cally  developed.  Its  radial  dimension  can  to  va¬ 
ne  i  by  means  of  a  motor  driven  device.  This  de¬ 
vice  i s  connected  with  a  personal  computer  which 
controls  .also  an  optical  measuring  system  compo¬ 
sed  of  an  apparatus  for  spectral  attenuat ion  me a 
surement  and  a  test  set-up  for  fiber  strain  me a 
surement  by  phase  shift  technique  (fig. hi. 


Fig. 5  -  Apparatus  for  microbending  attenuation 
test  vs  linear  pressure. 


The  test  is  performed  by  winding  with  zero  ten¬ 
sion  a  long  length  of  fiber  (500+1000  m)  on  the 
bobbin  and  expanding  it  while  monitoring  fiber 
transmission  loss  versus  wavelength  and  fiber 
strain.  Linear  pressure  on  the  fiber  is  calcula 
ted  from  the  measured  filer  elongation  being 
p  -  EA£/R,  where  E  is  the  elastic  modulus,  A  the 
area  of  the  coated  fiber  and  R  the  bobbin  radius. 
From  these  measurements,  microbending  losses  as 
a  function  of  wavelength  and  linear  pressure  are 
obtained . 

Experimental  tests  using  the  expandable  bobbin 
have  been  performed  on  a  number  of  fibers  having 
different  refractive  index  profiles.  The  results 
obtained  have  been  correlated  with  predicted 
theoretical  values  based  on  measured  rough¬ 
ness  power  density  spectra  of  the  bobbin  coa¬ 
ting  material  (fig. 6). 

The  loss  increase  vs  wavelength  is  shown  in  fig. 7 
for  a  step  index  matched  cladding  1.3  pm  optimi¬ 
zed  single  mode  fiber  (M.C./l  on  tab. II)  with 
double  acrylate  coating.  Figure  3  shows  the  loss 
increase  as  a  function  of  linear  pressure  at  a 
1 . 3  pm  for  the  same  fiber. 


- | 

Outer  I  300.00  ij 
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In  figure  9  the  attenuation  increases  at  1.3  um 
for  a  linear  pressure  of  1.9  g/mm  are  shown  as 
a  function  of  spot-size  for  different  fibers  all 
of  step  index  matched  cladding  1.3  jim  optimized 
design . 

In  the  same  figures  7-8-9,  the  results  obtained 
on  segmented  core  1,55  jim  dispersion  shifted  fi¬ 
ber  design  are  shown. 

The  relevant  calculated  results  on  the  basis  of 
the  theoretical  model  are  represented  by  the  so¬ 
lid  lines  in  figures  7-8-9. 

The  excellent  agreement  between  the  experimental 
and  the  calculated  data  confirms  the  validity  of 
the  model  and  of  the  experimental  procedure  adop 
ted . 


'  I 

T  m  .  p  .  D  . 

turn] 

||  h  IBER 

- -  - 

- - - 1 

JJ_-3  | 

IB.  6 

1 . 55  pm  • 

:  m.c.-i 

12.2 

m.c./2 

;>  ic.?  1 

12.3 

!l  d-s- 

..  .■  s-a  l 

0.3 

1260 
1260 
1  100 


Tab. II  -  Optical  cgaracteristics  of  some 
considered  fibers. 


pnwi  p  sph  (.  t  pi  jm 


I  c.  4(.)l 

1.4—  t  J.  f’F* 

1  1  O 


I  ;  ft? ? 

,  LLu  ,a  U ! *.: n : t : T ! « r ! T 1 1 ?.? * 1 

0  fi  s  o 

ir- 


Vova  I tngth In.) 


Fig. 7  -  Microbending  loss  increase  vs  wavelength 
for  the  M.C./l  and  the  D.S.  fibers  (o) 
measured,  ( -  )  calculated. 


Fig. 8  -  Microbending  loss  increase  vs  linear  pres 
sure  for  the  M.C./l  and  D.S.  fibers  !'o) 
measured,  (  - —  )  calculated. 


Fig. 6  -  Example  of  bobbin  material  roughness 

power  spectrum  ( -  )  fitting  curve. 


F  i  g .  9 


Microbending  loss  increase  vs  spp- -size 
at  1.9  g/nr.  { o )  measured,  -  )  calcu¬ 

lated  . 
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Microbending  tests  in  optical  cables 


Fiber  microbendings  in  optical  cables  are  gene¬ 
rally  caused  both  by  thermal  variations  and  me¬ 
chanical  stresses.  The  experimental  tests  have 
been  performed  in  a  condition  which  was  the 
closest  to  the  theoretical  model.  An  unfilled 
loose  tube  cable  having  twelve  polypropylene 
tubes  helically  stranded  around  a  central 
strength  member  has  been  chosen  (fig. 10). 


Fig. 10  -  Optical  core  structure  of  loose 
tube  cable. 

Each  tube  contained  a  single  step  index  fiber 
matched  cladding  1,3  um  optimized  design. 

A  cable  sample  of  200  ,n  length  was  subjected  to 
a  tensile  test  and  fiber  spectral  loss  together 
with  fiber  strain  was  measured  as  a  function  of 
tensile  load.  As  a  result  of  this  test,  fiber 
loss  increase  vs  linec^  pressure  can  be  calcula 
ted  taking  into  account  the  geometrical  struc¬ 
ture  of  the  cable. 

In  order  to  compare  the  experimental  data  with 
the  calculated  values  the  roughness  power  den¬ 
sity  spectra  of  the  polypropylene  tubes  were 
measured.  Several  tube  samples  were  cut  at  regu¬ 
lar  distances  along  the  cable  length.  The  sam¬ 
ples  were  longitudinally  divided  in  two  half 
with  a  specifically  developed  technique  and  the 
roughness  profile  was  measured  along  a  genera¬ 
trix  of  the  inner  surface.  As  an  example  the 
rouguness  power  density  spectrum  of  tube  No.  10 
is  shown  in  fig. 3. 

The  spectrum  was  found  t.o  have  a  very  dist  met. 
peak  at  a  frequency  corresponding  to  a  period 
of  40  mm  which  was  associated  to  technological 


conditions  during  tube  extrusion.  This  periodici¬ 
ty  has  a  very  limited  effect  on  the  fiber  micro¬ 
bending  loss  increase  as  it  is  outside  of  the  cri 
tical  frequency  range.  Similar  results  were  ohtai 
ned  on  the  other  tubes. 

The  loss  increase  values  measured  during  the  ca¬ 
ble  tensile  test  for  the  fiber  included  into  the 
tube  No. 10  are  shown  in  figures  11-12  as  a  func- 
tio,  of  wavelength  and  linear  pressure. 


ty  p*  l  . 0<g  mm 


a 


Fig. 11  -  Microbending  loss  increase  vs  wavelength 
for  the  M.C./2  fiber  at  three  different 

linear  pressures  (o)  measured,  ( - ) 

calculated . 


Fig. 12  -  Microbending  loss  increase  vs  J inoar 
pressure  for  the  M.C./2  fiber  at  tw'~ 

wavelengths  (of  measured,  ( - -  a  1 

cul ated . 


International  Wire  &  Cable  Symposium  Proceedings  1988  727 


The  solid  lines  correspond  to  the  calculated 
data  and  also  in  this  cases  a  very  satisfactory 
agreement  between  the  calculated  values  and  the 
measured  data  was  found.  This  agreement  is  sub¬ 
stantially  confirmed  by  Tab. Ill  in  which  expe¬ 
rimental  and  calculated  values  of  loss  increase 
at  1.3  pm,  normalized  for  a  linear  pressure  of 
0.37  g/mm,  are  shown  for  the  twelve  fibers 
included  in  the  cable. 


^'T£\lLiC!T  I  ON  H  a  3 k  -n  2 

~U3E  1 - - - 

Measured  C a  cu  ated 


I 

Tab. Ill  -  Measured  and  calculated  microbending 
loss  increase  at  1.3  pm  and  0.87  g/mm 
for  the  fibers  in  a  tested  loose  tu¬ 
be  cable. 


Helical  groove  structure. 
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Further  experimental  tests  were  carried  out  on 
a  helically  grooved  unfilled  core  cable  (figu- 
ra  13)  containing  one  fiber  per  groove.  The 
measured  power  density  spectrum  of  the  groove 
was  found  to  have  a  distinct  peak  at  a  frequen 
cy  corresponding  to  a  period  of  10  mm  (fig. 14). 
Measured  loss  increase  results  were  also  in 
this  case  in  excellent  agreement  with  the  cal 
culated  values. 

Tests  are  in  progress  to  verify  the  applicabi. 

1  i  ty  of  the  model  to  filled  multifiber  loose 
tube  and  grooved  core  cables.  Preliminary  re¬ 
sults  show  that  the  effect  of  the  filling  com¬ 
pound  is  negligible  if  the  filling  compound 
itself  is  homogeneously  soft  along  the  cable. 

As  regards  multi  fiber  cables  there  seems  to  be 
a  significant  dispersion  of  4  he  measured  loss 
increases  among  the  fiber..  _  ntained  in  the 
same  hollow  space  (tube  or  groove).  However  the 
theoretical  calculated  values  fit  reasonably 
tli a  average  measured  results. 


Fig. 14  -  Grooved  cable  material  roughness  power 
spectrum,  with  center  radian  frequency 

_0_  =  0.628  rad/mm  < - —  )  fitting 

o 

curve . 


Appl  l cat. ions 


Cable  design  and  technology 

The  results  of  this  work  could  have  a  signifi¬ 
cant  impact  in  cable  design  and  technology. 

On  one  hand  they  provide  design  criteria  ana 
indicate  which  process  parameters  must  be  ron*r 
led  in  order  to  minimize  the  fiber  micro! end i ng 
sensitivity  in  optical  cables. 

On  the  other  hand,  once  the  cable  materials  and 
♦"he  manufacturing  process  are  well  characterize 
and  under  continuous  control  ,  they  allow  f:.e 
t  mi zat ion  of  cable  design  ‘ uking  info  arooun* 
the  predicted  mi  orotund  mu  loss  increases. 
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From  the  theoretical  model  and  the  experimental 
results  it  appears  that  microbending  loss  increa 
ses  in  optical  cables  depend  on  material  proper 
ties  and  its  extrusion  process. 

A  detailed  analysis  of  the  measured  power  densi^ 
ty  spectra  shows  that  the  surface  irregularities 
can  be  considered  as  a  combination  of  the  ondu- 
lations,  introduced  by  the  extrusion  process, 
and  the  roughness,  depending  on  intrinsic  mate 
rial  properties  and  extrusion  parameters.  The 
ondulation  are  characterized  mainly  by  long  pe¬ 
riod  components  while  roughness  is  predominant 
in  the  short  period  range  (fig. 15  curve  1). 

As  regards  the  effect  on  fiber  attenuation  the 
power  density  spectrum  of  surface  irregulari¬ 
ties  is  filtered  by  a  weight  function  which  de¬ 
pends  on  materials  mechanical  characteristics 
(fig. 15  curve  2).  Numerical  calculations  per¬ 
formed  for  fibers  and  cable  materials  curren¬ 
tly  used  show  that  the  effect  of  the  latter 
is  negligible  and  that  the  weight  function  pa¬ 
rameters  are  determined  only  by  fiber  coating 
characteristics. 


r  K'otjtlhfi*  ^  *  r  <119. 


IKH  1H  , 

Fig. 15  -  Curve  1  :  Roughness  normalized  power 
spectrum  of  tube  No. 10  vs 
spatial  period. 

Curve  2  :  Weight  function. 

The  microbending  loss  at  each  wavelength  for  a 
given  fiber  is  linearly  dependent  on  the  value 
of  the  resulting  spectrum  at  the  frequency  de¬ 
fined  by  the  fiber  spot-size. 

Those  frequencies,  for  the  fiber  type  and  wave 
lengths  of  interest,  correspond  to  spatial  pe¬ 


riods  in  the  range  0. 5+2.0  mm. 

Moreover  our  experiences  confirm  that  microben¬ 
ding  losses  are  a  strongly  increasing  function 

of  the  fiber  spot-size  as  shown  from  previous 
3 

literature  data. 

From  this  analysis  it  appears  that  in  order  to 
reduce  the  fiber  microbending  sensitivity  in  op 
tical  cables  the  following  steps  should  be  ta¬ 
ken  : 

a)  optical  fiber  with  reduced  spot-size; 

b)  fiber  coating  with  low  intrinsic  roughness 
and  physical  characteristic  suitable  to  in¬ 
crease  the  spectral  filtering  effect  of  the 
weight  function  at  the  frequencies  of  inte¬ 
rest  (e.g.  low  mechanical  modulus); 

c)  cable  materials  with  low  intrinsic  roughness; 

d)  extrusion  parameters  which  minimize  the  rough¬ 
ness  of  the  extrudate; 

e)  manufacturing  process  parameters  which  produ¬ 
ce  low  intensity  ondulations  at  frequencies 
as  far  as  possible  from  the  critical  range 

of  interest  for  microbending  increases. 

The  possibility  of  predicting  »noueh  re¬ 

liability  the  fiber  microbending  loss  increase 
can  be  used  to  give  a  further  degree  of  freedom 
in  loose  type  cat le  design. 

Actually  with  the  us#  of  this  method  the  opera¬ 
ting  cable  strain  rang  -an  te  extended  beyond 
the  fiber  stress- free  window. 

As  an  example  in  case  of  a  cable  submitted  to  a 
time  variant  tensile  load  (e.g.  overhead  graund- 
wire)  a  reduction  of  the  empty  space  inside  the 
cable,  and  therefore  of  its  dimensions,  is  possi¬ 
ble  if  a  known  attenuation  penalty  is  accepted 
for  the  periods  of  time  relative  to  the  highest 
loads. 

This  option  may  lead  to  the  design  of  a  cable 
with  a  substantial  reduction  in  material,  manu¬ 
facturing  and  installation  costs. 

Fault  analysis 

Four  possible  causes  of  loss  increase  in  optical 
fiber  cables  are  known  at  present,  namely: 

-  a)  microbending 

-  b)  macronending 

-  c )  hydrogen 

-  d)  radiation 

By  finding  out  which  phenomena  cause  loss  in¬ 
crease  in  actual  cables  it  is  possible  to  evulua 
te  the  significance  of  the  impairment  and  to  pre¬ 
dict  its  future  evolution. 
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Conclusion 
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The  model  illustrated  in  this  paper  can  help  to 
understand  if  the  observed  loss  increase  is  due 
to  microbending  effect  only. 

For  this  purpose  an  analysis  of  the  spectral 
loss  increase  have  to  be  carried  out. 

Actually  if  cable  materials  and  process  are  well 
characterized  it  is  possible  to  perform  an  itera 
tive  procedure  in  order  to  fit  the  measured  data 
with  the  theoretical  curve. 

If  the  fitting  procedure  gives  positive  result 
microbending  is  the  only  cause  of  the  loss  increa 
se  and  the  actual  strain  in  the  fiber,  and  there 
fore  in  the  cable,  can  be  evaluated.  In  case  of 
negative  result  other  causes  must  be  considered. 
In  some  cases  loss  increase  at  only  two  wave¬ 
lengths  (1.3  pm  and  1.55  um)  are  known. 

From  our  experiences  the  fitting  procedure  deve¬ 
loped  gives  useful  information  also  in  these 
conditions.  In  figure  16  an  example  of  actual 
fiber  loss  increase  found  in  two  groove  core  ca¬ 
bles,  experimentally  manufactured  ,  are  shown. 

In  cable  A  microebndings  where  intent ional ly  in 
troduced  while  in  cable  B  some  macrobending  was 
added . 

The  results  of  the  fitting  procedure,  performed 
only  on  fiber  loss  increases  at  1.3  um  and 
1.55  um,  confirm  that  in  the  case  of  cable  A 
microbending  is  the  only  cause  of  the  loss  in¬ 
crease  and  that  in  case  of  cable  B  other  causes 
are  present. 


The  applicability  of  a  theoretical  model  for  the 
calculation  of  microbending  loss  increases  has 
been  experimentally  verified  on  fibers  and  on 
cables.  The  nigh  degree  of  confidence  reached 
between  predicted  and  measured  m^crot ending  loss 
data  gives  the  possibility  oi  using  the  theore¬ 
tical  model  in  different  fields  of  application: 

a)  reduction  of  microbending  sensibility  of  ca¬ 
bled  fibers  through  the  improvement  of  cable- 
design  and  technology; 

b)  increase  of  the  degree  of  freedom  in  loose 
type  cable  design  by  enlarging  the  operating 
strain  range; 

c)  detection  of  microbending  phenomena  in  case 
of  loss  increase  found  in  manufactured  cables. 
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SUMMARY 

Polymer  coatings  on  optical  fibers  protect  the  glass 
surface  from  mechanical  damage  and  minimize 
microbending  losses  in  cables.  The  effectiveness  of  the 
coating  for  protecting  the  strength  of  the  fiber  can  vary 
significantly  with  the  specific  coating.  We  present  the 
strength  and  dynamic  fatigue  results  for  a  group  of  eight 
different  fibers  and  discuss  the  results  in  terms  of  the 
effect  of  the  coating.  We  show  that  the  coating  affects 
both  the  distribution  of  (law  sizes  in  the  glass  as  well  as 
the  rate  of  growth  of  these  flaws  in  the  presence  of  stress. 
To  adequately  characterize  the  long  term  mechanical 
reliability  of  polymer  coated  optical  fibers,  short  term 
strength  or  proof  testing  must  be  accompanied  by  fatigue 
testing. 


1.  INTRODUCTION 

Although  low  loss  glass  makes  an  excellent 
transmission  media,  coatings  are  necessary  to  make  fibers 
practical  for  communications  systems.  Coatings  cun 
prov  ide  mechanical  protection  of  the  glass  from  abrasion 
and  the  environment  and  minimize  microbending  losses 
associated  with  cabling  and  installation.  In  addition, 
some  coatings  can  be  dyed  to  identify  individual  fibers  in 
a  multi-fiber  cable  . 

There  is  no  single  coating  material  that  can  satisfy 
all  these  requirements.  For  example,  polymer  coatings, 
especially  dual  coatings  consisting  of  an  inner  low- 
modulus  polymer  and  an  outer  high  modulus  polymer, 
have  been  shown  to  be  osneriallv  resistant  to 

T  * 

microbending  losses".  On  the  other  hand,  polymers  are 
very  permeable  to  environmental  agents  such  as  water 

which  reduce  the  mechanical  strength  of  the  fiber. 
Coatings  such  as  amorphous  carbon'  and  titanium 
carbide5  have  been  shown  to  provide  an  hermetic  barrier 
to  moisture  but  are  ineffective  at  preventing  microbending 
losses.  The  majority  of  fibers  for  telecommunications, 
applications  are  coated  with  UV-c tired  epoxy  acrylate". 
The  requirements  for  polymeric  coatings  have  recently 
been  summarized  by  Toler  and  kat  . 

Poly  mer  coatings  have  frequently  been  regarded  as 
an  inert  layer  which  prevents  mechanical  contact  w  ith  the 
fiber  surface.  However,  a  number  of  investigators  have 
shown  that  properties  of  the  polymer  such  as  adhesion  to 


the  glass  and  water  permeability  can  significantly  affect 
the  mechanical  properties  of  the  coated  liber  .  In  this 
paper,  we  present  strength  and  dynamic  fatigue  results  for 
eight  fibers;  four  were  purchased  from  different  vendors 
and  four  were  produced  in  our  laboratory  .  Even  though 
the  outer  surface  of  the  glass  was  similar  for  the  libers 
produced  in  our  laboratory  we  observed  significant 
differences  in  fatigue  properties  among  the  fibers  which 
we  attribute  to  a  coating  effect. 

2.  EXPERIMENTAL  PROCEDURE 

For  this  study  we  obtained  eight  kilometer  lengths 
of  optical  fibers.  Each  liber  had  a  nominal  glass  diameter 
of  125  pm  coated  with  various  UV-curable.  epoxy 
acrylate  polymer  coatings  to  250  pm  diameter.  Four  of 
the  fibers  (designated  herein  as  Vendor  1  -  4)  were 
commercially  available  fibers.  The  other  four  fibers  were 
produced  in  our  laboratory  by  drawing  from  a  lire 
polished  synthetic  fused  silica  rod  (T20  Suprasil  2  Type 
F).  Two  fibers  were  coated  in-line  with  two  UV-curable 
epoxy  poly  urethane  acrylate  coatings  that  were  purchased 
from  two  different  vendors  (designated  as  fiber  A-0  and 
B-0).  In  addition,  two  fibers  were  drawn  and  coated  with 
the  same  two  UV-curable  epoxy  acrylates  but  with  1% 
by  weight  of  0.3  pm  aluminum  oxide  powder  dispersed  in 
the  coating  (fibers  designated  A-l  and  BU)  Such 
additions  of  alumina  have  been  shown  "  to  reduce  the 
median  strength  of  the  liber. 

The  mechanical  properties  of  the  eight  libers  were 
determined  by  tensiie  testing  at  strain  rates  ranging  from 
0.005  %  min  to  50  %  min.  Generally  a  total  of  60 
samples  with  a  gage  length  of  50  cm  were  tested  at  each 
strain  rate.  However,  due  to  lack  of  material  only  10  and 
50  samples  were  tested  at  0.005“ «  min  for  fibers  A-0  and 
B-0.  I  he  tests  were  performed  on  a  screw  driven 
universal  tensile  testing  machine,  in  a  laboratory 
environment  of  22  C  i  2  C  and  45''<i  r  5“n  relative 
humidity  with  the  breaking  loads  measured  to  .-  0.1  V 
Samples  were  gripped  on  10  cm  diameter  capstans 
covered  with  a  soft  elastomeric  sleeve.  Masking  tape  was 
used  to  hold  the  liber  samples  securely  on  the  capstans. 

In  addition,  the  stripping  force  of  the  coating  w  as 
measured  using  a  commercial  stripping  tool  mounted  on 
a  screw  driven  universal  tensile  testing  machine.  I  he 
gage  length  of  the  stripping  test  samples  was  1.5  cm  and 
the  test  was  conducted  at  50  cm  min.  I  he  stripping  force 
was  measured  for  fibers  in  the  as-received  condition  and 
after  exposure  to  6()  and  90  C  water  for  24  hours. 
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3,  EXPERIMENTAL  RESULTS 

The  dynamic  tensile  test  results  for  the  eight  fibers 
are  shown  in  Figures  l-S  plotted  on  VVeibull  axes.  The 
tensile  data  can  be  fit  to  a  single  Weibull  distribution  of 
the  form: 

P  =  I  -  exp  -[o  o„r  <  l ) 

for  all  but  the  two  fibers  containing  abrasive  particles  in 
the  coating  (Figures  7  and  X).  In  this  equation  P  is  the 
cumulative  probability  of  failure  at  a  stress  less  than  or 
equal  to  c  and  a()  and  rn  are  empirical  distribution 
parameters.  The  values  of  the  Weibull  exponent  rn  arc 
listed  on  Figures  1-X. 

In  the  presence  of  stress  and  certain  chemical 
species  such  as  water,  the  size  of  flaws  existing  in  the 
glass  can  grow  to  a  size  that  causes  failure.  Assuming 
that  the  growth  rate  of  such  flaws  is  proportional  to  a 
power  function  of  the  stress  intensity,  it  can  be  shown 
that  the  dynamic  breaking  strength  o  depends  upon  the 
applied  strain  rate,  i: 


where  n  is  the  crack  growth  exponent  associated  with  the 
power  law  dependence  of  the  crack  growth  rate  and  B  is 
an  experimental  parameter.  The  median  strength  values 
of  the  data  shown  in  Figures  l-S  are  plotted  as  a  function 
of  strain  rate  in  Figures  9  and  10.  Fitting  the  line 
predicted  by  equation  2  to  these  data  yields  the  values  of 
n  listed  on  Figures  9  and  10. 

The  results  of  the  coating  stripping  test  are  shown 
in  Table  I. 


fable  1  -  Coating  Stripping  Force  (grams) 

Fiber 

As  Rcc'd 

60  C  11,0 

90  C  H,0 

Vendor  1 

314 

319 

297 

Vendor  2 

173 

27 

19 

Vendor  3 

2X2 

167 

195 

Vendor  4 

39S 

23 

54 

4,  DISCUSSION 

^  I  he  mechanical  reliability  of  an  optical  liber 

depends  upon  the  initial  distribution  of  flaws  in  the  fiber 
and  upon  the  rate  of  growth  of  those  flaws  in  the 
presence  of  stress  and  chemical  species  from  the 
environment.  The  median  initial  size  of  the  flaws  in  a 
fiber  is  indicated  by  the  median  short  term  strength  with 
I  larger  values  of  strength  associated  with  smaller  flaw  sizes. 

The  v  alue  of  the  Weibull  exponent  rn  indicates  the 
breadth  of  the  distribution  of  flaw  sizes  in  me  liber  with 
large  values  of  m  associated  with  a  narrow  distribution  of 
flaw  sizes.  I  hus.  coatings  providing  good  mechanical 
protection  should  result  in  large  values  of  w.  Similarly, 
the  crack  growth  exponent  n  is  a  sensitive  indicator  of  the 
|  effectiveness  of  the  coating  at  protecting  the  fiber  from 

the  environment  with  large  values  of  n  associated  with 


more  protection  and  slower  crack  growth.  Table  2  shows 
the  eight  libers  ranked  in  order  of  decreasing  strength 
(based  on  median  strength  at  a  strain  rate  of  50“  «  min), 
decreasing  m  values  and  decreasing  n  values. 


1  able  2- 

Fibers  Ranked 

In  Order  of  Strength,  m.  n 

Strength 

m 

n 

A-0 

3 

A-l 

3 

1 

A-0 

B-0 

2 

1 

1 

A-0 

B-l 

4 

4 

B-0 

0 

B-0 

3 

B-l 

A-l 

0 

A-l 

B-l 

4 

Examination  of  this  table  shows  that  coatings  vary 
in  their  ability  to  protect  a  fiber  mechanically  and  to 
protect  it  from  the  environment.  For  example,  the  fiber 
of  vendor  3  shows  high  strength  and  a  large  m  but  a  low 
n.  This  is  demonstrated  even  better  by  comparison  of  the 
two  fibers  with  abrasive  panicles  in  their  coating  (A-l  and 
B- 1 )  with  the  corresponding  fibers  without  the  abrasive 
material  (A-0  and  B-0).  In  this  case  the  same  glass  was 
used  in  all  four  fibers.  1  he  short  term  strength  of  fiber 
A-0  and  B-0  are  almost  the  same  since  this  strength  is 
largely  reflective  of  the  initial  glass  condition.  The 
difference  in  the  coating  shows  up  as  differences  in  both 
m  and  n.  Examination  of  ihe  results  of  the  fibers  with 
the  abrasive  dispersed  in  the  coating  shows  the  expected 
low  short  teim  strength  and  low  rn  values  due  to  the 
abrasion  of  the  glass  by  the  dispersed  abrasive.  However, 
there  is  practically  no  change  in  the  crack  growth 
exponent  n  for  these  fibers  from  the  abrasive-free  fibers. 
This  result  indicates  that  the  addition  of  abrasive  does 
not  change  the  effectiveness  of  the  coating  as  an 
environmental  barrier. 

1  he  results  of  the  coating  stripping  test  shown  in 
fable  1  indicate  that  coating  on  vendor.  1  and  3's  fibers 
tire  more  resistant  to  moisture  ihan  vendors  2  and  4. 

This  is  consistent  with  the  ranking  shown  in  Table  2 
based  on  n. 

In  addition  to  a  coating's  barrier  effect  (mechanical 
and  environmental),  it  should  be  noted  that  a  coating  can 
affect  the  local  chemical  environment  at  the  crack  surface 
in  two  other  ways.  First,  polymer  coatings  contain 
mobile  ionic  species  and  contaminants  which  can  diffuse 
to  the  coating  glass  interface.  Second,  while  coatings  are 
recognized  to  be  fairly  permeable,  they  do  act  to 
encapsulate  the  contaminants  and  moisture  at  the 
coating-glass  interface.  This  encapsulation  can  lead  to 
significant  chemical  concentrations  at  the  glass  surface 
which  is  the  location  of  most  strength  reducing  flaws  in 
libers.  Numerous  studies  have  shown  a  strong  effect  of 
chemical  environment  '•uch  as  pH  and  ion  size  on  the 
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rate  of  propagation  of  cracks  in  glass1"1. 

5.  CONCLUSIONS 

The  long  term  mechanical  reliability  of  a  glass  fiber 
depends  upon  applied  stress,  fiber  strength,  the  rate  of 
growth  of  flaws  in  the  glass,  and  the  fracture  toughness  of 
the  glass.  The  polymer  coating  on  the  fiber  can  affect  the 
initial  distribution  of  flaw  sizes  as  well  as  the  rate  of 
growth  of  those  flaws  in  the  presence  of  stress.  Neither 
measurement  of  fiber  strength  nor  proof  testing  is 
adequate  to  assure  the  long  term  mechanical  reliability  of 
optical  fibers  since  neither  provides  information  about  the 
rate  of  crack  growth.  Thus,  short  term  tests  must  be 
augmented  with  fatigue  tests. 
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Figure  1 :  Weibull  plot  of  strengths  of  polymer 
coated  fiber  [vendor- 1 ). 
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Figure  6:  Weibull  plot  of  strengths  ot  polymer  Figure  8:  Strength  data  for  Fiber  B-l,  with  \%  by  weight 

coated  fiber  [Fiber  B-OJ.  of  alumina  dispersed  in  the  coating,  at  different 

stress  rates  plotted  on  Weibull  axes. 
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Figure  7:  Strength  data  for  Fiber  A-l ,  with  \c/c  by  weight  Figure  9:  Mean  dynamic  fatigue  values  for  polymer 

of  alumina  dispersed  in  the  coating,  at  different  coated  fibers, 

stress  rates  plotted  on  Weibull  axes. 
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FAILURE  STRESS,  ksi 


•  Fiber  A-0,n=2M 
■  Fiber  A-l,  n=27.1 
o  Fiber  B-0.  n=36.5 
□  Fiber  B-l,  n=37.5 
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Figure  10:  Mean  dynamic  fatigue  values  for  polymer 
coated  fibers. 
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A8STRACT 

The  allowable  maximum  temperature  for  UV  curable 
acrylate  coated  fiber  was  investigated  experi¬ 
mentally,  assuming  its  application  to  an  optical 
ground  wire  (OPGW).  It  was  clarified  that  the 
practical  temperature  limit  of  UV  coat  fiber  is 
about  100°C  for  long  term  (400hr)  and  250°C  for 
short  term  (30  minutes  x  3  times).  If  UV  coat 
fiber  is  used  over  these  temperature  limits, 
it  may  cause  intolerable  loss  increasing  at  low 
temperature  due  to  deterioration  of  coating. 


1.  Introduction 

It  is  true  that  thermo  curable  silicone  coated 
fiber  has  higher  heat  resistant  property  than 
UV  curable  acrylate  coated  fiber  (UV  coat  fiber 
in  short).  However,  UV  coat  fiber  is  the  most 
widely  used  in  the  world.  Hence  UV  coat  fiber 
is  sometimes  required  to  be  used  in  relatively 
high  temperature  environment.  The  application 
of  this  fiber  to  an  OPGW  is  one  example.  But 
it  was  not  so  clear  what  the  maximum  temperature 
and  duration  was  at  which  UV  coat  fiber  was 
usable.  This  paper  reports  the  experimental 
results  of  the  heat  resistant  properties  of  UV 
coat  fiber  while  assuming  an  accidental  case  of 
heat  hysteresis  which  OPGW  could  suffer. 


Samples  of  UV  coat  single  mode  fibers  and  trial 
Six-Fiber  units  for  OPGW  were  prepared.  The  fiber 
coating  diameter  is  0.4mm.  Six-Fiber  '.'hit  con¬ 
sists  of  six  fiber  stranded  around  FRP  (Fiber 
Reinforced  Plastic)  rod,  and  a  thin  heat-resistant 
plastic  wrapping  tape  (Fig.l). 


ri;.l  Six  - F l be  r  unit 

2.2  Test  scheme 

The  heat  hysteresis  such  as  continuous  heat  aging 
and  short  term  heat  aging  were  imposed  on  the 
samples.  The  heating  conditions  were  decided 
assuming  those  which  an  OPGW  might  suffer  by 
accidental  currents.  During  or  after  these  heat 
experiences,  the  transmission  loss,  the  young 
moduli  and  the  elongations  of  the  coating  materials 
were  measured.  In  addition,  the  temperature  cycle 
test  was  conducted  on  the  same  samples  to  estimate 
whether  or  not  they  can  endure  normal  environments 
after  having  suffered  from  the  accidental  heat 
hysteresises.  Some  tests  on  fiber  tensile  strength 
and  fiber  fatigue  were  also  conducted  before  and 
after  the  heat  aging.  The  whole  evaluation 
scheme  is  shown  in  Fig. 2. 
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Fig. 2  Evaluatio 

2.3  Test  condition  and  results 

2.3.1  Continuous  heat  aging 

The  1km  specimens  which  were  loosely  coiled  in 
about  300mm  diameter  were  held  at  temperatures 
of  80°C ,  100°C,  120°C  and  150°C  for  a  total  of 
400  hours.  The  transmission  loss  was  measured 
at  room  temperature  every  100  hours  during  and 
after  aging  which  was  done  with  cut-back  method. 
Fig.3-a  and  3-b  show  the  transmission  loss  change 
at  1.3pm  and  1.55pm  wavelength  under  various 
temperatures.  The  changes  of  transmission  loss 
and  residual  loss  when  the  temperature  was 
returned  to  room  temperature  were  within  the 
measurement  accuracy.  The  data  of  the  Six-Fiber 
units  in  Fig. 3-b  are  the  average  loss  of  the  six 
fibers. 


2.3.2  Short  term  heat  aging 

The  500m  specimens  which  were  loosely  coiled  in 
about  300mm  diameter  were  exposed  to  the  heat 
hysteresis  shown  in  Fig. 4  (peak  temperatures 
were  180°C,  200°C  and  250°C).  The  transmission 
loss  was  continuously  monitered  at  1.3um  and 
1.55pm  wavelengths.  The  maximum  change  of  the 
transmission  loss  was  recorded  for  every  specimen 
at  maximum  temperature.  Fig. 5  shows  the  maximum 
value  of  the  transmission  loss  after  units  against 
the  maximum  temperature.  The  transmission  loss 
changes  were  less  than  0.02dB/km  and  no  residual 
loss  changes  were  measured  ,'usn  the  temperature 
returned  to  room  temperature. 


scheme 


iZ.3-a  TransBission  loss  cfiange  of  fiber  under  various  agir.g  teiperature 
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Fig. 4  Heat  hysteresis 


f :  ,-j .  S  Unit  i~in  io.v,  jsams'  tezperralure 


2.3.3  Deterioration  of  coating  material 

The  residual  young  moduli  and  elongation  of  UV 
acrylate  were  measured  after  the  tests  described 
in  2.3.1  and  2.3.2.  Figs.6-a  and  6-b  show  the 
results.  The  short  term  heat  aging  seems  not 
to  affect  the  young  modulus  and  elongation  up 
to  about  250°C.  But  at  temperatures  over  250°C. 
heat  aging  should  be  avoided  for  the  UV  acrylate 
even  if  heating  time  is  short,  because  it  causes 
rapid  material  decomposition  (Fig. 7). 
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Heating  rate=5"  C/ min. 
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F i g . 7  T U A  and  DSC  curves  ol  coating  material 


2.3.4  Temperature  cycle  test 

The  temperature  cycle  test  (from  -40°C  to  +100°C, 
10  cycles)  were  done  for  the  same  samples  which 
had  experienced  continuous  or  short  term  heat 
aging  described  in  2.3.1  or  2.3.2.  The  changes 
of  the  transmission  loss  were  monitered  con¬ 
tinuously  at  1.55pm  at  low  temperature  (-40°C) 
in  every  sample.  Figs.8-a  and  8-b  show  the  peak 
loss  value  at  -40°C  against  the  heat  hysteresis 
of  the  samples.  The  short  term  heat  aging  seems 
not  to  affect  these  results  (Fig. 8-b).  However, 
the  loss  changes  were  observed  for  the  fibers 
that  experienced  continuous  heat  aging  at  over 
100°C  (Fig. 8-a ) .  The  similar  tests  were  done 
also  at  1.3pm  wavelength,  but  no  significant 
loss  change  was  observed. 
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Fig. 8-b  Peak  loss  values  at  -40‘  C 

against  short  term  aging  temperature 
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2.3.5  Mechanical  test 


I 

I 

I 

a 

I 
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Fig. 9  shows  the  results  of  the  tensile  strength 
test  for  the  fibers  of  before  and  after  the  short 
terms  aging  at  180°C,  200°C  and  250°C  with  a 
gauge  length  30cm.  The  higher  aging  temperature, 
the  more  the  tensile  strength.  This  is  thought 
to  be  caused  by  the  effect  whicn  results  and 
causes  the  moisture  around  the  fiber  to  decrease 
when  the  temperature  rises  up. 

Fib. 10  shows  the  static  fatigue  property  at  room 
temperature.  The  data  for  the  fibers  after  having 
experienced  high  temperatures  have  longer  breakage 
time  due  to  the  aforemartioned  reason. 


ice  c 
«<»  ’ 

Fig. 10  Static  fatique  of  the  fiber 
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Fig. 9  Tnsile  strength  of  the  fiber 
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4.  Discussion 


5.  Conclusion 


Both  short  term  aging  and  continuous  aging  did 
not  affect  the  transmission  loss  and  the  tensile 
strength  of  the  fiber,  but  they  surely  degraded 
the  young  moduli  and  the  elongation  of  coating 
materials.  The  degradation  caused  loss  increase 
at  low  temperatures  and  the  influence  was  more 
severe  for  unit  fibers  than  fiber  alone.  This 
fact  explains  that  the  loss  increase  at  low  tem¬ 
perature  is  caused  by  the  decrease  of  the  buffering 
effect  of  the  coating  against  loteral  pressure 
due  to  hardening  of  the  coating  material,  rather 
than  the  shrinkage  of  the  coating  material. 

Table  3  summarize  the  results  described  in  2.3 
and  we  may  conclude  the  allowable  temperature 
for  UV  coat  fiber  is, 

1)  100°C  for  continuous  heat  aging  (400  hrs) 

2)  250°C  for  short  term  heat  aging  (30  minutes 
x  3  times) 


The  practical  temperature  limit  of  UV  coat  fiber 
is  about  100°C  for  long  term  (400  hrs)  and  250°C 
for  short  term  (30  minutes  x  3  times)  for  0PGW 
application.  If  UV  coat  fiber  is  used  over  these 
temperatures  limits,  it  may  cause  intolerable 
loss  increasing  at  low  temperatures  due  to  dete¬ 
rioration  of  the  coating  materials  or  rapid  decom¬ 
position  of  coating  materials. 


Table  3  Total  results 


Continuous 

heat  aging 

Short  term  heat  aging 

Items 

80“  C 

100“  C 

120"  C 

150"  C 

180"  C 

200"  C 

250"  C 

Transmission 

1 .  3  m  m 

good 

good 

good 

good 

good 

good 

good 

loss 

1 . 55  m  m 

good 

good 

good 

good 

good 

good 

good 

deterioration 

of  coating  materials 

good 

good 

critical 

poor 

good 

good 

good 

Tensile  strength 

good 

good 

good 

good 

good 

good 

good 

Temperature 

1 .  3  m  m 

good 

good 

good 

good 

— 

good 

good 

good 

cycle 

1 . 55  m  m 

good 

good 

critical 

poor 

good 

good 

good 

Total  dicision 

good 

good 

critical 

poor 

good 

good 

good 

I 
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Abstract 


2.  Characteristics  of  ladder  siloxane 
-  - 


An  optical  fiber  coated  with  a  ladder 
siloxane  polymer  has  been  developed  for 
use  under  severe  conditions.  This  fiber  is 
very  superior  in  mechanical  properties  at 
elevated  temperatures,  and  superior  in 
static  fatigue  in  a  high  humidity 
environment.  After  aging  at  200  °c  for  a 
long  period  of  time,  a  ladder  siloxane 
coated  fiber  can  maintain  nearly  the 
initial  fiber  strength.  The  n  values  of 
static  fatigue  in  excess  of  25  are  found 
for  this  fiber  when  exposed  to  severe 
conditions,  such  as  in  atmosphere  at  200  °c 
or  water  at  80 °c  for  prolonged  periods. 


1  ■  Introduction 

U)(2) 

Ladder  siloxane  polymers ( LSPs )  have 
remarkable  features,  such  as  heat 
resistance,  high  hardness,  water 
repellency  and  high, adhesion  to  a  silica 
glass  surface  because  of  the  intermediate 
structure  between  silica  glass  and  an 
organic  polymer.  Therefore,  we  have 
considered  that  a  thin  film  of  an  LSP 
existing  between  a  silica  fiber  surface 
and  a  conventional  coating  layer  may 
enhance  the  mechanical  reliabilities  of 
optical  fibers  under  severe  conditions. 

For  example,  the  strength  degradation  of 
conventional  coated  fibers  at  high 
temperatures,  above  200 °c ,  may  be  reduced 
by  the  thin  coating  of  an  LSP  on  a  silica 
fiber  surface.  And  the  stress  corrosion  on 
a  silica  fiber  surface  may  be  reduced 
in  an  environment  of  high  temperature 
and  humidity. 

In  this  work,  we  studied  the 
suitability  of  LSPs  for  the  thin  primary 
coating  which  is  advantageous  in  the 
maintenance  of  fiber  strength,  even  under 
severe  conditions.  So,  at  first,  we 
investigated  the  characteristics  and  the 
structure  of  LSPs  to  select  a  suitable  LSP 
for  silica  fibers.  Secondly,  we  evaluated 
the  mechanical  and  the  optical  properties 
of  the  LSP  coated  fibers  after  long 
exposure  above  200  <V- . 


LSPs  in  their  uncuicd  state  are  flaky 
oligomers  and  are  soluble  in  organic 
solvents.  The  viscosity  of  this  resin  can 
easily  be  adjusted  by  the  use  of 
solvents,  so  they  are  easily  applied  by 
thin  film  coating  processes  such  as 
dipping,  spinning  and  spray  coating.  LSP 
resin  is  cured  by  hydrolysis  and 
condensation . 

In  this  work,  we  used  an  LSP  which  has 
a  liner  organos i 1 icon  polymer  between  the 
ladder  structure.  The  idealized  structure 
of  the  LSP  is  shown  in  Fig.l.  The  liner 
organosilicon  polymer  plays  an  important 
role  in  increasing  the  elongation  of  the 
LSP.  Table  1  shows  the  characteristics  of 
the  LSP  in  its  liquid  state  and  cured 
film  form,  respectively.  A  small  amount  of 
a  catalyst  is  added  to  the  LSP  resin  in 
order  to  get  a  high  curing  rate.  The  cured 
film  has  about  7  X  elongation.  The  value 
is  nearly  equal  to  the  maximum  value  of 
silica  fiber  elongation.  Fig. 2  shows  the 
weight  changes  of  several  coating 
materials  measured  by  thermogravimetry  at 
elevated  air  temperatures.  In  the  cases  of 
thermosetting  silicone  and  UV  curable 
urethane  acrylate,  the  weight  decreases  of 
these  materials  begin  with  the  temperature 
around  150  “c,  and  the  thermal 
decomposition  make  rapid  progress  at  a 
temperature  above  300 °c .  On  the  other 
hand,  the  LSP  used  in  this  work  indicates 
little  weight  change  even  at  a  temperature 
of  300  'c.  However,  oxidation  of  the  LSP  in 
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Fig.  1  idealized  structure  ot  the  ladder 
siloxane  polymer 
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air  is  caused  by  pyrolysis  over  the 
temperature  range  of  500 °c,  and  Si02 
results  from  the  oxidation. 


Table  1  Characteristics  of  the  ladder 
siloxane  polymer 


liquid 

viscosity  25 *c  300  cps 
solvent  sec-butanol 

additive  catalyst 

film  (curing  condition:  200*c,30min) 

elongation  7  % 


strength.  We  prepared  two  kinds  of 
LSP  coated  fibers  (Fiber  A,  Fiber  B). 

The  elongation  of  the  LSP  used  for  Fiber  A 
is  about  7  X,  while  that  for  Fiber  B  is 
less  than  1  X.  A  liner  organos i 1 i con 
polymer  was  not  introduced  into  the  ladder 
structure  of  the  LSP  used  for  Fiber  B. 

Fig. 4  shows  the  Weibull  plots  of  the 
tensile  strength  for  Fiber  A  and  Fiber  B. 
The  tensile  strength  was  measured  at  room 
temperature  on  a  3  ro  gage  length  with  a  10 
X  strain  rate.  The  breakage  at  low 
strength  level  in  Fiber  B  mainly  results 
from  the  fractures  of  the  LSP  layer  during 
the  tensile  tests.  These  fractures  seem  to 
be  due  to  the  presence  of  weak  points  in 
the  LSP  layer.  Therefore,  to  obtain  both 
long  and  high  strength  fibers,  the 
elongation  of  LSPs  must  be  much  the  same 
level  as  that  of  silica  fiber,  and  in 
general,  LSPs  must  be  highly  adhesive  to 
silica  surfaces. 


pencil  hardnes9  4H 

retractive  index  n  1.53 

o 


Fig.  2  Weight  change  of  several  coatings 
for  optical  fiber 


3.  Preparation  of  the  ladder  siloxane 
coated  fibers 


Fig. 3  shows  the  cross  section  of 
LSP  coated  single  mode  fibers  prepared  in 
this  study.  The  outer  diameter  of  these 
fibers  is  125  pm,  and  the  thickness  of  the 
LSP  layer  on  tie  fiber  surface  is  about  7 
pm.  The  primary  and  secondary  coatings  are 
200  pm  and  250  pm  in  diameter, 
respectively.  In  the  coating  process,  the 
LSP  coating  is  cured  by  heating,  and 
subsequently,  the  dual  coatings  of  UV 
curable  ”esin  are  applied  by  the  use  of 
in-line  applicators.  The  curing 
temperature  range  of  the  LSP  is  from  400  *c 
to  5 0 0  *c  . 

Prior  to  selection  of  the  LSP  listed  in 
Table  1,  we  investigated  the  relationship 
between  the  elongation  of  an  LSP  and  fiber 


Single  mode  fiber 
t0.12^> 

Ladder  siloxane  polymer 
layer  (thickness  7pm) 

UV  cured  primary 
coatlng(0.20<,>) 


UV  cured  secondary 
coatlng^-SS*’) 


Fig.  3  Cross  section  of  the  ladder  siloxane 
coated  single  mode  fiber 


Fig.  4  Weibull  plots  of  tensile  strength  for 

the  LSP  coated  fiber  (Fiber  A, Fiber  B) 


4.  Properties  of  the  ladder  siloxane 
coated  fibers  after  aging  at  elevated 
temperatures 

We  investigated  the  tensile  strength, 
the  static  fatigue,  and  transmission 
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losses  of  the  LSP  coated  fibers,  before 
and  after  aging  in  air  at  elevated 
temperatures.  In  addition,  we  compared 
these  fibers  with  a  conventional  fiber 
under  the  same  conditions.  The 
conventional  fiber  has  only  the  dual 
coatings(0. D. 250  pm)  of  UV  curable  resin. 

4.1  Tensile  strength 

To  estimate  the  mechanical 
reliabilities  of  the  LSP  coated  fibers  in 
a  high  temperature  environment,  we 
measured  the  tensile  strength  after  aging 
at  200  'c  and  300  *c,  respectively.  Fig. 5 
shows  the  median  tensile  strength  plots  of 
the  LSP  coated  fibers  compared  to  the 
conventional  fibers  after  aging  at 
elevated  temperatures.  In  the  case  of  the 
LSP  coated  fibers,  the  tensile  strength 
after  aging  at  200°c  in  air  for  30  days  is 
4.3  GPa,  and  this  value  corresponds  to 
about  80  *  of  the  initial  strength. 
Although  the  LSP  film  indicates  little 
weight  change,  even  at  the  temperature  of 
300 *c  as  shown  in  Fig. 2,  the  heat 
treatment  for  the  fiber  at  300 *c  rapidly 
degrades  the  tensile  strength  of  the 
fiber.  After  aging  at  300 °c  for  25  days, 
the  median  strength  of  the  LSP  coated 
fiber  is  1.1  GPa.  At  the  temperatures 
around  300 *c,  it  seems  that  the 
degradation  of  the  LSP  elongation  is  in 
progress,  and  the  fracture  of  the  LSP 
layer  scratches  the  smooth  surface  of  the 
silica  fiber. 

The  strength  of  the  conventional  fiber 
gradually  decreases  with  time  due  to  the 
heat  treatment  of  200*c,  while  the  aging 
at  300 *c  brings  about  the  rapid  decrease 
of  fiber  strength  in  only  a  few  days.  The 
SEM  photomicrographs  of  the  fracture 
surfaces  for  the  conventional  fiber  and 
the  LSP  coated  fiber  after  aging  at  300  ‘c, 
are  shown  in  Fig. 6  and  Fig. 7, 
respectively.  We  can  conclude  that  these 
fractures  are  caused  by  shrinkage  of  the 


TIME  (DAY) 

Fig.  5  Tensile  strength  plots  ot  the  LSP 
coated  fiber  and  conventional  UV 
coated  fiber 

LSP  or  UV  cured  coating  layers  on  fiber 
surf  aces . 

Fig.fi  shows  the  Weibull  plots  of  the 
tensile  strength  for  the  LSP  coated  fibers 
after  aging  at  200 *c  for  30  days.  The 
tensile  strength  was  measured  at  room 
temperature  on  a  100  mm  gage  length  with  a 
10  %/min  strain  rate.  The  median  of  the 
tensile  strength  is  5.2  GPa  in  the  initial 
state,  while  the  strength  after  30  day  is 
4.3  GPa.  As  shown  in  Fig. 8,  the  tensile 
strength  after  30  days  decreases  roughly 
parallel  to  the  initial  strength.  The 
degradation  of  the  LSP  elongation  seems  to 
bring  about  the  strength  decrease,  because 
the  LSP  coating  layer  is  overcured  by  heat 
treatment  of  200 *c  for  over  a  long  period 
of  time. 

4.2  Static  fatigue 

The  static  fatigue  of  the  LSP  coated 
fiber  was  tested  by  using  the  mandrel 
bending  technique  under  various 


Fig.  6  SEM  photomicrograph  of  the  fracture  Fig.  7  SEM  photomicrograph  of  the  fracture 

surface  for  the  conventional  fiber  surface  for  the  LSP  coated  fiber 

coated  with  UV  curable  resin  after  after  aging  at  300°C  for  25days 

aging  at  300’C  for  3days 
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Fig.  8  Weibull  plots  of  tensile  strength  for 
the  LSP  coated  fiber  after  aging 


conditions.  The  gage  length  of  the  static 
fatigue  specimens  was  100  era,  and  10 
replicate  specimens  were  tested  at  each 
stress  level.  The  specimens  used  in  our 
tests  are  divided  into  two  parts;  one  is 
the  fiber  before  aging,  the  other  is  the 
fiber  after  aging  at  200  *c  for  30  days. 

For  the  fiber  before  aging,  the 
static  fatigue  was  tested  in  water  at 
80 *c,  in  the  oven  maintained  at  200 *c,  and 
in  the  atmosphere  at  25  *c,  50  XRH , 
respectively.  And,  the  static  fatigue  for 
the  fiber  after  aging  was  tested  only  in 
the  atmosphere  at  25 *c,  50  XRH.  For 
comparison,  the  static  fatigue  of  the 
conventional  fiber  was  measured  in  water 
at  80 *c  and  in  air  at  25  *c,  50  XRH. 

In  Fig. 9,  the  static  fatigue  data  under 
various  conditions  are  plotted  as 
median  t  ime-tn-fai  iiir«*(  log  )  versus 
applied  stress ( log  Os) .  On  the  basis  of  the 
commonly  adopted  empirical  relation,  log  ts 
=  -n  logos'1  log  ks,  we  calculated  n  and 
log  kswhere  were  characteristic 
parameters.  Table  2  shows  the  summary  of 
static  fatigue  results.  In  the  atmosphere 
at  25  *c,  50  XRH,  the  n  value  and  the  log  ks 
for  the  LSP  coated  fiber  after  aging  are 
34.1  and  19.8,  respectively.  These  values 
are  higher  than  the  n  value(29.3)  and 
log  W19.7)  for  the  LSP  coated  fiber 
before  aging.  And,  the  LSP  coated  fiber 
has  26.0  and  18.9  for  the  n  value  and 
log  ks in  the  atmosphere  at  200 ®c, 
respectively.  And  also,  the  LSP  coated 
fiber  indicates  a  high  n  value  and  log  ks 
in  water  at  80 *c,  while  the  n  value  and 
log  ks for  the  conventional  fiber  coated 
with  a  UV  curable  urethane  acrylate  are 
about  16  and  10,  respectively.  Therefore, 
it  becomes  clear  that  the  LSP  coating 
acts  as  a  water  barrier. 

4.3  Transmission  loss 


The  purpose  of  this  study  is  the 
realization  of  a  heat  resistant  optical 
fiber.  So,  when  using  the  LSP  coated 


2  3  4 


Fig.  9  Static  fatigue  data  of  the  LSP 
coated  fiber  and  conventional 
fiber  under  various  conditions 


Table  2  Summary  of  static  fatigue  results 


Fiber 

Type  of  specimen 

Condition 

n 

log  k. 

A 

LSP  coated  fiber  after 

aging  {200*c,30  days) 

26  *c.  50%RH 

34.t 

19.8 

8 

LSP  coated  fiber 
before  aging 

200*c,in  air 

26.0 

18.9 

C 

t 

80  c,  in  water 

30.1 

16.9 

D 

1 

25‘c.  50  %  RH 

29.3 

19.7 

E 

Conventional  fiber 
before  aging 

80'c,in  water 

16.1 

10.5 

F 

1 

25  c.  50  %RM 

25.5 

16.8 

fibers  in  the  atmosphere  at  temperature 
around  200 *c,  the  transmission  loss  must 
be  minimized  and  fiber  strength  must  be 
stabilized  for  extended  time  periods. 

The  loss  of  a  UV  curable  resin  coated 
fiber  increases  in  the  atmosphere  around 
200  *c.  One  of  the  main  reasons  for  the 
loss  increases  is  thermal  degradation 
of  UV  cured  coatings.  As  it  is  difficult 
to  prevent  the  thermal  degradation,  we 
investigated  the  fiber  parameters ( MFD , 

-"■C  )  of  the  LSP  coated  single  mode 

fiber  to  minimize  the  loss  increases. 

The  spectral  loss  curves  for  two  LSP 
coated  single  mode  fibers  are  shown  in 
Fig. 10  and  Fig. 11,  respectively.  The  loss 
curves  of  two  fibers  were  measured  both 
before  and  after  aging  at  200 *c  for  30 
days.  These  fibers  which  were  dusted  with 
talc  to  prevent  the  adhesion  of  UV  curable 
coatings,  were  wound  under  50  g  of  tension 
onto  silica  glass  drumsfO.D.  200mm).  Aft 
aging,  the  loss  increase  of  the  fiberfMF 


! 
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c  a 


Fig.  10  Spectral  transmission  loss  for  the 

LSP  coated  single  mode  fiber  after 
aging  at  200°C  for  30  days 


9.8  pm,  Xcl-22  pm)  shown  in  Fig. 10  is  0.25 
dB/km  at  1.30  um.  On  the  other  hand,  the 
fiber(MFD  8.0pm,  Xc  1.25  pin)  shown  in 
Fig.  11  indicates  little  loss  increase  at 
1.30  um.  It  is  necessary  to  select  the 
suitable  fiber  parameters  for  the  LSP 
coated  single  mode  fiber  having  UV  cured 
coatings  in  order  to  realize  a  heat 
resistant  optical  fiber. 

5.  Conclusion 


From  the  experimental  results  described 
above,  the  following  conclusions  were 
obtained . 

(1)  The  elongation  of  an  LSP  must  be  much 
the  same  level  as  that  of  silica  fiber 
to  maintain  the  initial  fiber  strength. 
In  order  to  increase  the  elongation  of 
an  LSP,  it  is  efficient  to  introduce  a 
liner  organosi 1  icon  polymer  to  the 
structure  of  ladder  polymer. 

(2)  The  LSP  coated  fiber  almost  maintains 
its  initial  strength  after  aging  at 
200 °c  in  air  for  a  long  period  of  time. 
And,  it  is  necessary  to  select 
suitable  parameters  for  the  LSP  coated 
single  mode  fiber  to  minimize  the 
microbending  loss  due  to  a  lack  of 
buffering  efficacy  of  the  decomposed 
primary  layer. 

(3)  The  static  fatigue  parameter's  n 
values  and  log  k.;for  both  the  LSP 
coated  fibers  in  an  atmosphere  at  200 
•c,  and  after  aging  at  200  "c ,  are  26  ~ 

34,  and  16~20,  respec  t.  i  vo  I  y  .  The  LSP 
coated  fiber  has  high  n  values  and 
log  ks even  in  a  severe  environment.  In 
addition,  the  LSP  coating  acts  as  a 
water  barrier. 


In  our  study,  it  has  become  clear  that 
the  LSP  coated  fiber  is  superior  in  heat 
resistance  and  static  fatigue.  Therefore, 
the  LSP  coated  fiber  will  prove  suitable 
for  use  in  a  wide  range  of  circumstances 
under  severe  conditions,  such  as,  for 
ground  wires,  in  environs  of  fire  hazard. 


WAVELENGTH  (ym) 


Fig.  1  1  Spectral  transmission  loss  for  the 

LSP  coated  single  mode  fiber  after 
aging  at  200°C  for  30  days 


on  ships,  on  oil  platforms  and  in  smelting 
furnace  plants. 
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